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Abstract
Organic Light-Emitting Diodes (OLEDs) currently advance in the display market due
to their unique image quality. Innovations profit from further extraordinary properties
such as mechanical flexibility, optical transparency and large area coverage. Despite
considerable progress in development, high costs and moderate efficiencies hamper the
entry into the lighting market. However, there still is enormous potential for efficiency
improvement. Current problems are the work-intensive search for best material com-
binations and large amounts of trapped light in the flat OLED geometry.
This thesis develops novel concepts for improving the efficiency of OLEDs: An opti-
mized fabrication, a systematic evaluation of light outcoupling structures by proposing
a new metric, and an examination of efficiency limitations with optical simulations to
identify options for action.
The optimization of OLEDs is closely related to the properties of the individual
molecules, while the fabrication process is often neglected. However, literature has
shown that vapor deposited organic glasses can exhibit extraordinary high stabilities
when fabricated at the right conditions. The substrate temperature is therefore set to
85 % of the materials conventional glass transition temperature Tg while the deposition
rates are kept below . 0.1 nm/s. This concept is adapted and the glass forming molecule
TPBi is fabricated as stable host and electron transporter in a simple OLED. Efficiency
and lifetime improvement could be achieved with four different phosphorescent emitters.
For Ir(ppy)2(acac) the External Quantum Efficiency (EQE) at 100 cd/m
2 is enhanced
from 19.4 to 24.0 % and the lifetime LT70 at 1,000 cd/m
2 from 14.8 to 74.2 h, i.e. the
time in which the initial luminance drops to 70 % is five times higher. The origin is
found in improved radiative and electrical efficiency. This fabrication concept enables
an additional optimization path besides material development.
Next, the high refractive index of organic materials lead to light confinement through
total internal reflection. Many light outcoupling strategies have been developed, but
their direct comparison is difficult through the diversity of used structures and OLEDs.
This thesis proposes a new efficiency metric, the Efficiency of Light Outcoupling Struc-
tures (ELOS), that states the effectiveness of a light outcoupling structure. It weights
experimental efficiency enhancement to theoretically maximal gain that is simulated.
It was found that a glass half-sphere extracts about 80 % photons from the OLED
substrate, while a combination of a diffraction grating with the half-sphere extracts
at best 43 % from the whole OLED. The corresponding EQEs are 32.5 % and 36.5 %.
The ELOS promotes a systematic search for a universally efficient light outcoupling
structures, because it removes misinterpretation through the specifically used OLED.
Lastly, optical investigations have found the following statements for bottom-emitting
OLEDs: Highest EQEs with external light outcoupling structures are reached for 3/4 λ
cavities. EQEs of more than 90 % could be reached with a low refractive index electron
transport layer in combination with a high refractive index substrate and ideal external
light outcoupling. For top-emitting OLEDs, the thin film interference can be exploited
to shift the emission color of sky-blue emitter towards blue. Commission Internationale
de l’Éclairage (CIE) color coordinates of (0.127/0.168) could experimentally be achieved
with an emitter that has (0.213/0.374). The color tuning reduces EQE, but therefore
exploits higher lifetimes of sky-blue emitters. This opens an alternative to reach deep
blue emission besides material development, which is a current challenge for displays.
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Kurzfassung
Organische Leuchtdioden (OLEDs) etablieren sich derzeit im Display-Markt aufgrund
ihrer einzigartigen Bildqualität. Innovationen profitieren zudem von weiteren außer-
gewöhnlichen Eigenschaften wie z.B. mechanische Flexibilität, optische Transparenz
und Großflächigkeit. Obwohl es bereits beträchtliche Weiterentwicklungen gab, erschwe-
ren hohe Kosten und moderate Effizienzen den Markteintritt in den Beleuchtungssektor.
Dabei gibt es noch enormes Potential für Effizienzsteigerungen. Derzeitige Probleme
sind die aufwändige Suche nach den besten Material(-kombinationen) und große Ver-
luste durch Licht, welches im flachen Bauteil verbleibt.
In dieser Dissertation werden deshalb neuartige Konzepte entwickelt, um die Effizienz-
steigerung voranzutreiben: Eine optimierte Herstellung, eine systematische Unter-
suchung von Lichtauskoppelstrukturen mittels einer neuen Metrik und die Untersuchung
von Effizienzlimitierungen mithilfe von optischen Simulationen, um weitere Möglich-
keiten zur Verbesserung zu identifizieren.
Die Optimierung von OLEDs ist eng verbunden mit der Materialsuche, wobei der
Herstellungsprozess oft vernachlässigt wird. Allerdings konnte in der Literatur gezeigt
werden, dass aufgedampfte organische Gläser außergewöhnlich stabil sein können, wenn
die Herstellungsbedingungen optimiert werden. Dafür muss die Substrattemperatur auf
etwa 85 % der gewöhnlichen Glasübergangstemperatur Tg gesetzt werden, während das
Material mit niedrigen Raten von . 0,1 nm/s aufgetragen wird. Dieses Konzept wird
übernommen für das Glasformer Molekül TPBi, welches als stabile Matrix und Elek-
tronentransporter in einer einfachen OLED realisiert wird. Damit wird eine Effizienz-
und Lebensdauerverbessung für vier phosphoreszente Emittermoleküle erreicht. Für
Ir(ppy)2(acac) wird die externe Quanteneffizienz (EQE) bei 100 cd/m
2 von 19,4 auf
24,0 % erhöht und die Lebensdauer LT70 bei 1000 cd/m
2 von 14,8 auf 74,2 h, d.h.
die Zeit, bis die ursprüngliche Helligkeit auf 70 % fällt, wird verfünffacht. Ursache
dafür ist eine verbesserte elektrische Effizienz und Strahlungseffizienz. Diese Herstel-
lungsoptimierung eröffnet neben der Materialsuche eine weitere Möglichkeit für OLED
Verbesserungen.
Weiterhin führt der hohe Brechungsindex organischer Materialien zu Lichteinschluss
im Bauteil durch totale interne Reflexion. Um zusätzliches Licht zu extrahieren, wur-
den viele Lichtauskoppelstrukturen entwickelt, welche sich jedoch aufgrund der Vielfalt
der Strukturen und OLEDs nur schwer vergleichen lassen. Diese Arbeit schlägt eine
neue Effizienzgröße vor, die sogenannte Effizienz von Lichtauskoppelstrukturen (ELOS),
welche die Effektivität von den Strukturen angibt. Sie vergleicht die experimentell be-
stimmte mit der maximal erwartbaren Verbesserung, welche mit optischen Simulatio-
nen berechnet wird. Damit konnte gezeigt werden, dass eine Glashalbkugel etwa 80 %
aller Photonen vom OLED Substrat extrahiert, während eine Kombination von Streu-
gittern mit Glashalbkugel bestenfalls 43 % der verbleibenden Photonen in der gesamten
OLED extrahiert. Die jeweiligen EQEs sind 32,5 % und 36,5 %. Die ELOS fördert eine
systematische Suche nach den universell am besten funktionierenden Lichtauskoppel-
strukturen, weil Missinterpretationen durch die jeweilig verwendeten OLEDs verringert
werden.
Letztendlich haben die optischen Untersuchungen folgende Aussagen für bottom
emittierenden OLEDs gefunden: Die höchste EQE mit externen Lichtauskoppelstruk-
turen werden mit 3/4 λ Kavitäten erreicht. EQEs von mehr als 90 % könnten erreicht
v
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werden durch Kombination von niedrigbrechenden Elektronentransportschichten, hoch-
brechenden Substraten und idealen Lichtauskoppelstrukturen. Für top emittierende
OLEDs kann Dünnschichtinterferenz ausgenutzt werden, um die Farbe von himmel-
blauen Emittern zu tiefblau zu verschieben. CIE Farbkoordinaten von (0.127/0.168)
konnten experimentell erreicht werden mit einem Emitter von (0.213/0.374). Die Farb-
verschiebung verringert zwar die EQE, allerdings kann so die höhere Lebensdauer von
himmelblauen Emittern ausgenutzt werden. Damit wird eine Alternative zur Material-
suche geschaffen, um tiefblaue Farbe zu erreichen, was eine derzeitige Herausforderung
für Displays ist.
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1 Introduction
1.1 Motivation
The semiconductor technology is one of the key technologies of the 20th century. Semi-
conductor devices such as transistors and diodes are an integral part of the daily life.
An important special case of diodes are Light-Emitting Diodes (LEDs) that can be
used for artificial lighting. The breakthrough for efficient white light sources was the
invention of the blue LED, which was awarded with the Nobel Prize in Physics in
2014 [1]. A study commissioned by the Federal Ministry of Economics and Energy
Germany (BMWI) predicts a growing share of LEDs for lighting application within
the European Union [2]. The prohibition of inefficient incandescent and halogen lamps
supports this development. In an economic scenario, the percentage of LEDs in the
lighting sector will approach 100 % in 2030 [2]. This results from currently unsurpassed
efficiency and long-term stability of LEDs. However, the spectral emission is considered
as drawback. White light is realized with blue emission that is partly converted with
yellow/red phosphors, which leads to poor color rendering of illuminated objects.
The organic counterpart of the LED, the OLED posses a higher spectral selectivity.
That leads to better color rendering for illumination and a larger amount of displayable
colors. The perception of OLED light is therefore generally regarded as more pleas-
ant, color brilliant and glare-free. Further unique properties like mechanical flexibility,
optical transparency and homogeneous large area coverage enable completely new ap-
plications as illustrated in Figure 1.1. That is possible, because OLEDs are area light
sources and not point light sources like conventional LEDs. They can be made ex-
tremely thin with only few hundred nanometers thickness, which promises potentially
low costs due to the low use of materials.
In the lighting sector the competition between OLEDs and conventional LEDs is
followed with interest. Although, OLEDs experienced a rapid development, in 2017
the comparison still favors the conventional LEDs. Commercial available Luminous
Efficacys (LEs) for white LEDs are between 100-120 lm/W and for white OLEDs at
65 lm/W [3]. This reflects a current problem of OLEDs: Their efficiency decreases with
increasing brightness, but a high lumen output is required. A typical office fixture
emits 5000 lm [4], which is incompatible with the cost difference: LEDs cost 3 $/klm
(Dollar per 1000 lumen) and OLEDs between 100-250 $/klm [3].
That is why the advantages of OLEDs currently only pay off in the display indus-
try: The color quality is more important, which justifies higher costs and the required
brightness is lower, where OLEDs are more efficient. Moreover, unlike liquid crystal
Figure 1.1: Applications of OLEDs for displays by Samsung [5] and scenarios for gen-
eral lighting by LG [6] and Osram [7].
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displays (LCDs), an OLED display does not need back light illumination. Black is
simply a pixel that is turned off and not backlit areas with filters at minimum trans-
mission. Thus, the contrast is increased and the power consumption can be reduced
by 63 % if a night mode is used [8]. This increases the usability time of mobile device,
because the display is the largest power consumer.
OLEDs are increasingly established in the display industry, but they have not yet
reached their full efficiency potential. A lot of generated light is trapped in the flat
geometry just waiting to be unleashed. With higher efficiency, OLEDs could challenge
conventional LEDs in the lighting sector. Especially the unique form factor of OLEDs
is a driving force towards new applications. The present thesis therefore addresses
efficiency improvements of OLEDs. The fabrication process is optimized and it is
systematically investigated how to make use of the trapped light in OLEDs.
1.2 Perspectives and Related Work
This section sketches the development of interest in academic OLED research and
summarizes current challenges. After the OLED discovery in 1987 [9], the technology
has matured enough to be found in display applications. The most recent milestone are
foldable smartphones presented by various manufacturers. Before looking at current
challenges, a brief historical overview is given in the following.
Figure 1.2 shows the search hits of the keyword ‘OLED’ in the scientific database
Google Scholar1. These search results serve as a rough measure of academic output
over the years. After an initial phase, the search hits increase exponentially between
1994 and 2005. This might be considered as the golden age for OLED research, because
many basic concepts were developed, which still sustain until today: The first white
OLED in 1994 [10], invention of efficient phosphorescent emitters [11] and p-doping in
1998 [12] and significant voltage reduction using the pin concept in 2002 [13].
Around 2005 the research output starts to saturate and with the change of slope new
lighting technologies emerge, e.g. the Quantum-Dot Light-Emitting Diodes (QLEDs),
Perovskite LEDs and inorganic mirco-LEDs. Since 2014 the search hits for ‘OLED’
stay relatively constant, while the output numbers of several thousand hits per year
are still impressively high.
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counts. Patents and citations were excluded.
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1.2 Perspectives and Related Work
The OLED market development can be estimated by the revenue of the Universal
Display Corporation (UDC), which is one of the largest OLED corporations today.
The exponential growth of revenues starts roughly 10 years delayed in comparison
to the research output. Since 2013 the yearly revenue is more than $100 Million,
peaking in 2017 with $335 Million. This demonstrates that the OLED market is heavily
evolving. But what is left to do for academic research when industry pushes the OLED
development?
The three economic driving forces for improving OLEDs are efficiency, durability
and costs. Every study can usually be attributed to one or more of these topics.
An additional classification is the technical aspect given by material, processing or
device related research. A strict separation of topics is difficult as many processes are
dependent on each other. Figure 1.3 shows a classification of OLED research topics.
This thesis contributes to the framed topics. The details of the contributions are given
in the next section.
On the material level, the research is dominated by Thermally Activated Delayed
Fluorescence (TADF) since its invention in 2009 [16]. It is believed that TADF can
fulfill the requirements for efficiency and durability in the deep blue while maintaining
low costs, because no heavy metals are used as in phosphorescent emitters. But blue
phosphorescent emitter have not yet been abandoned, new concepts are still being
developed to increase their lifetime [17]. For both, TADF and phosphorescent emitters,
the orientation of the dye molecules is of great interest as it can boost the OLED
efficiency [18].
The next step is to bring the materials together into the complete device, the OLED.
The efficiency and lifetime depends on matching energy levels for charge transport and
exciton confinement [19]. The emission color depends on the selected dye, which favors
certain hosts. The host further constrains transport and blocking materials. Thus, the
material and device optimization is complex and not independent from each other.
Some topics of the processing level are closely related to the device: For flexible
OLEDs, appropriate substrates and encapsulation are needed to prevent degradation
by water and oxygen penetration [20]. Light outcoupling structures improve the effi-
ciency, but must be implemented that electrical functionality is ensured. Conventional
OLED processing is based on vacuum deposition. Choosing the right parameters im-
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proves efficiency and lifetime [21]. In contrast, wet processing and ink-jet printing are
considered to reduce costs in the future [22].
After all, the OLED research has a pioneering role for the related perovskite LEDs
and QLEDs that profit from developed concepts. Some techniques may be directly
transferred, e.g. the charge transport layers for QLED. Although OLED research is
mostly applied science, the understanding of complex physics of organic semiconduc-
tors might be regarded as basic research, whose revenue is hidden, but unquestionable
important for leading industry nations.
1.3 Thesis Contribution and Outline
The aim of this thesis is the efficiency maximization of OLEDs. This is achieved by
comprehensive optical analysis of experiments and simulations and fabrication improve-
ment. Color tuning and lifetime enhancement are obtained as side results.
Chapter 2 provides the physical background and Chapter 3 introduces the used ma-
terials and experimental methods. This is followed by three result chapters.
Chapter 4 introduces a new route to improve the efficiency and the lifetime of OLEDs:
The concept of stable glass formation from basic glass physics studies is transferred
to the application in OLEDs. In collaboration with the Universitat Autònoma de
Barcelona (UAB), a suited stack is selected and the fabrication process is optimized by
substrate heating during vapor deposition. This work is significant, because common
optimization strategies are material or stack development, but the fabrication process
is often overlooked, so this work opens an additional optimization path. The chapter
investigates causes of the improvement towards a generalization of the concept.
Chapter 5 introduces a new metric for a better comparison of light outcoupling struc-
tures. The literature is full of different approaches to improve the light outcoupling in
OLEDs. However, an objective comparison is difficult, because all groups use different
references and enhancement factors or improved efficiencies are only of limited use for
a comparison. This work determines the ratio of experimentally extracted photons to
the maximum number of photons that could be extracted in best case. The specifically
presented light outcoupling structure is of secondary importance and only illustrates
the calculation procedure. The new ELOS promotes a systematic search for best light
extraction strategies.
Chapter 6 expands application possibilities of already existing optical simulation of
planar OLEDs. The influences of layer thicknesses, refractive indices, emitter anisotropy
and quantum yield are investigated in detail. Best reference OLEDs are identified for
applications of light outcoupling structures. Not only the highest reference EQEs are
found that are to beat, but also references are predicted that offer the strongest en-
hancement. Furthermore, thin film interference is exploited for color tuning towards
blue emission. Usually, this is done by emitter material development, but here layer
thickness combinations are identified that enable deep blue emission by using a broad
sky-blue emitter. Normally, the OLED efficiency and lifetime scale inversely with the
emission energy of the emitter. The presented approach offers to achieve deep blue
with high efficiencies and lifetimes with emitters that are naturally less blue by cavity
adjustments.
Chapter 7 summarizes the whole thesis and gives suggestions for future investigations.
4
2 Physics of Organic Light-Emitting
Diodes
This chapter introduces the physics of OLEDs. The topics are sorted by in-
creasing length scales, starting with the description of small organic molecules,
over amorphous thin films made out of those molecules, to the OLED, which
consists of many stacked thin films. Emphasis throughout the description are
the optics. Figure 2.1 summarizes the treated topics.
2.1 Properties of Organic Molecules
Organic molecules consist mostly of carbon and hydrogen atoms, but their true specialty
is a high flexibility of constituents and shape. The molecules used for semiconductors
often consist of repeating ring-shaped subunits with further atoms in the skeleton such
as nitrogen, oxygen and sulfur. One example is shown in the top left corner of Figure 2.1.
The individual molecules mainly determine the semiconducting properties of an organic
solid. This results from the weak inter-molecular forces within the solid. Desired
properties can therefore be fine-tuned by the molecule synthesis, which is a strong
contrast to conventional inorganic semiconductors. Here, crystal formation leads to an
electronic band structure that determines the semiconducting properties.
Binding and Molecular Orbitals
The total energy of a molecule must be smaller than the sum of the energy of the
individual atoms. Otherwise the molecule would not be stable. With ethene as example,
the formation of organic molecules is explained in the following. The common concepts
and terminology are developed as in Reference [23].
Ethene consists of two carbon and four hydrogen atoms. The electronic ground state
configuration of carbon is [He] 2s2 2p2, which means that two of the four valence elec-
trons are in the states 2s and 2p, respectively. Each state has its typical charge density
distribution, the atomic orbital, which is the absolute square of the corresponding wave-
function. The net energy gain during binding can overcompensate the energy needed
to lift an electron from the 2s to the 2p state. As a result so-called hybrid orbitals
are formed, which are linear combinations of the s and p orbitals. In ethene it comes
to sp2-hybridization as illustrated in Figure 2.2 (a). Here, three identical elongated
sp2-orbitals are formed in a plane, which have an angle of 120° to each other.
A molecular orbital is formed by the overlap of two sp2-orbitals from adjacent carbon
atoms. The two electrons are then shared covalently. The molecular orbital naming is
inspired from atomic orbitals, i.e. electrons close to the internuclear axis are in strongly
localized σ-orbitals, similar to the s-orbitals of atoms. Those so-called σ-bonds hold the
molecule together, which can be intuitively understood through Coulomb interaction.
The four hydrogen atoms attach to the remaining sp2 orbitals. The forth electron of
each carbon atom, which stays perpendicular to the plane in the pz orbital, forms a
π-orbital with the neighboring pz orbital. The electrons can be above or below the
internuclear axis and thus contribute less to the binding. For ethene and also for
larger organic molecules, i.e. the ring shaped benzene, the electrons of π-orbitals are
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Figure 2.1: Graphical classification of the OLED physics. The properties of molecules,
thin films and complete devices are described by quantum mechanics,
electrodynamics and thermodynamics.
distributed over the whole size of the molecule. They do not stay at the individual
carbon atoms anymore, which effectively enables charge transport.
An energy approximation of the molecular orbitals can be determined with Linear
Combination of Atomic Orbitals (LCAO). Here, the wavefunction of the molecule is
constructed by ψ± = c1φa± c2φb with positive normalization factors c1 and c2 and the
wavefunctions φa and φb of each individual atom. Adding the atomic wavefunctions
leads to increased electronic charge density between atoms, which explains bonding
behaviour of σ- and π-orbitals with lowered energy. The subtraction results in reduced
Coulomb shielding by the electron so that the positive charged atomic cores repulse
each other. Consequently, these are anti-bonding molecular orbitals with higher energy,
which typically are indicated with a star, e.g. π∗ and σ∗. The energy splitting between
bonding and anti-bonding state increases with stronger orbital overlap. That is why
the splitting between the two σ-orbitals is larger than for the π-orbitals. The molecular
orbitals are now filled with electrons starting from the lowest energy under considera-
tion of the Pauli-principle. The Pauli-principle means that each orbital can host two
electrons with opposite spins. Figure 2.2 (b) shows the energy levels of the hybridized
carbon atoms and of ethene. It is worth noting that the energy of all electrons in the
ethene molecule is lower than for the two carbon atoms.
The orbital with the highest energy, which still contains electrons is called Highest
Occupied Molecular Orbital (HOMO). The next higher energy level orbital, which
is unfilled, is called Lowest Unoccupied Molecular Orbital (LUMO). These so-called
frontier orbitals determine charge transport properties as well as photon absorption
and emission. In a simple analogy they are seen as equivalents to conduction and
valence band of inorganic semiconductors. Electrons can be injected from a metal to
the LUMO, which depends on the relative energy difference to the work function of
the metal. Removing an electron from the HOMO corresponds to hole injection. An
incident photon can transfer its energy to an electron which is for instance lifted from
the HOMO to the LUMO. This is the energetically lowest possible absorption. The
reverse process is emission, where an electron lowers its energy under radiation of a
photon.
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Figure 2.2: Ethene as an example for formation of organic molecules. (a) Strong σ-
bonds hold the molecule together, while π-bonds are delocalized and facili-
tate charge transport, absorption and emission. (b) Corresponding energy
levels, where binding π-orbitals and anti-binding π∗-orbitals represent the
Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO). Graphics adapted from [23].
Molecular States and Transitions
To explain processes in OLEDs, it is useful to model whole molecules as carriers of
energy. Therefore, the states of organic molecules and their transitions are now intro-
duced. It is important to distinguish between orbitals, configuration and states. From
the previous section we know that orbitals describe the probability of an electron to be
found in a certain space around the molecule. Each orbital has an energy, which can
be approximated by LCAO. The distribution of electrons on the energy levels is called
configuration. A molecular state, however, is described by superposition of multiple
configurations in which the electron spin must be considered.
The total spin S of all electrons defines the singlet (S = 0) and triplet state (S = 1)
of a molecule, where two electrons have either anti-parallel or parallel spins. Note that
the term ‘exciton’ is often used synonymously for ‘excitation’ in amorphous molecular
films, although it originates from electron-hole-pairs in highly ordered systems [23].
The terms singlet or triplet excitons have become widely used in literature.
Figure 2.3 (a) shows the ground state configuration S0 and one example of the ener-
getically lowest singlet and triplet state, S1 and T1, respectively. In the ground state
S0 all spins cancel each other and the electrons fill the lowest possible energy levels.
To associate a molecular state with an energy, the value for S0 is arbitrarily set to
0 eV. Consequently, a positive energy is assigned to the excited molecular states, even
though the HOMO and LUMO energies are negative. In S1 one electron is lifted from
the HOMO to the LUMO and the electron spins are still opposite, which is not the
case for T1. Here, the spins are parallel and the multiplicity 2S + 1 results in three
degenerate states. The energies of S1 and T1 are typically in the order of 2-3 eV. The
energy gap between LUMO and HOMO gives a first approximation for this range, but
due to previously neglected electron interactions the singlet and triplet energies are
slightly reduced compared to the gap. States with higher energy exist, i.e. Sn and
Tn with n = {2, 3, ...}, but their excitation results quickly back to S1 and T1 through
vibrational relaxation in time scales of 10−12 s.
Figure 2.3 (b) illustrates the key molecular states with their energies and transitions.
The radiative transition S1 → S0 is called fluorescence and it happens in timescales
7
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Figure 2.3: Two models of singlet and triplet states in organic molecules. (a) Elec-
tronic configuration of the ground state S0 and two possible configurations
of S1 and T1. (b) Excitations and transitions in the molecular state model.
The dashed lines indicate non-radiative transitions, which compete with
fluorescence and phosphorescence. Graphics adapted from [23].
of 10−9 to 10−6 s [24]. Fluorescence is the historically first employed emission type in
OLEDs. It is, however, relatively inefficient as under electrical excitation only 25%
singlets but 75% triplets are generated. The second generation of OLED emitters make
use of phosphorescence [11], which is the transition T1 → S0. This is a completely
different emission mechanism, because a spin change is needed. Normally, this tran-
sition is forbidden by the rules of quantum mechanics. But certain molecules exhibit
phosphorescence due to non-zero spin-orbit coupling, which enhances the OLED ef-
ficiency dramatically. Phosphorescence happens within 10−6 to 101 s [23, 24] as the
transition probability is lower. The spin-orbit coupling scales with the atomic number,
so that heavy atoms such as iridium or platinum are used for efficient phosphorescent
molecules [11, 25]. Another important process is intersystem crossing (S1 → T1) and
reverse intersystem crossing (T1 → S1). The latter is supported by thermal energy and
enables Thermally Activated Delayed Fluorescence (TADF) [16, 26]. Here, the elec-
trically generated singlets result in prompt fluorescence and the generated triplets are
up-converted to singlets and lead to delayed fluorescence. TADF emitters represent the
latest generation of emitter molecule development. They shall combine the durability
of fluorescent and the efficiency of phosphorescent emitters, all without the use of heavy
metals.
Emission and Absorption
The last part of this section introduces the absorption and emission spectrum of
molecules. So far the molecules have been treated stationary. In reality, the molecules
can rotate and vibrate. An estimation of the involved energies leads to [29]
Erot ≈
√
m
M
Evib ≈
m
M
Eel (2.1)
with m being the electron and M the core mass. The ratio is about m/M ≈
10−3 ... 10−5, which means the rotational energy Erot is at least one order of magnitude
smaller than the vibrational energy Evib, which has the same ratio to the electronic
energy Eel. Therefore, rotational energies are neglected in further considerations.
Figure 2.4 illustrates the Franck-Condon principle, which provides a qualitative ex-
planation of the absorption and emission spectrum. Shown is the potential energy of
two electronic states over the normal coordinates q of a vibrational mode. Each state
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Figure 2.4: Emission and absorption model of organic molecules. The spectra can be
described as a sum of transitions from the lowest vibrational modes of
displaced harmonic oscillators. Graphics adapted from [27, 28].
possesses multiple vibrational levels ν and ν ′, which are separated by Evib = ~ωvib.
Every electronic transition takes place from the lowest vibrational level, because the
internal relaxations are faster than the fluorescence and phosphorescence. Note that
the potential of the excited state is slightly displaced along q, which means that the
excited molecule has a larger size in equilibrium. This can be understood through the
transfer of one electron from a bonding to an anti-bonding orbital upon excitation.
Thus, the electron density is reduced between two atomic cores, which effectively de-
crease the bonding Coulomb attraction. The displacement leads to an energy difference
between the start of emission and absorption, the so-called Stokes shift, which is highly
favorable for efficient OLEDs as it avoids self-absorption.
The emission and absorption spectra can be approximated as a sum of vibrational
contributions, whose intensities follows a Poisson progression as displayed in Figure 2.4.
In theory, both spectra are symmetric to each other, because the transition probabilities
are proportional to the vibrational wavefunction overlap. For single molecules in gas
phases the spectra would contain sharp lines [23], but experimentally they are often
measured from a solid or a liquid with many molecules owing many different vibrational
modes. Both facts are reflected in a Gaussian broadening of the transitions. The overall
emission intensity I(E) can be written as [28]
I(E)
E3
= A
∑
n
e−SSn
σnn!
e
−
(
E−(E00−nEvib)√
2σn
)2
. (2.2)
Here, A is a normalization constant, n the vibrational order and S the so-called
Huang-Rhys factor. The parameter E00 denotes the transition energy from 0
′ → 0,
which is the first contribution of the Poisson progression. The Gaussian broadening is
characterized by the standard deviation σn.
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In summary, organic molecules are hold together by covalent σ-bonds and the delocal-
ized π-bonds determine the energies of charge transport, emission and absorption. For
a more accurate description electron spins and molecule vibrations must be considered.
The next chapter introduces thin films that consist of many organic molecules.
2.2 Formation and Properties of Amorphous Organic
Thin Films
Organic solids can occur as molecular crystals or amorphous thin films made of small
molecules (oligomers) or large molecules (polymers) [23]. The thin film preparation
is done via crystal growth, Physical Vapor Deposition (PVD) or wet-processing i.e.
blade or spin-coating. PVD generally refers to all processes in which the raw material
is vaporized in vacuum and then condensed on a substrate. This section treats only
amorphous molecular films produced by thermal evaporation, because all OLEDs in
this thesis were made in this way.
The most prominent characteristic of amorphous thin films is that their components
do not have a long-range order like a crystal. However, the films can indeed exhibit a
sort of order, i.e. preferentially aligned transition dipoles or birefringence, as discussed
later in Section 2.2.
Glass is an everyday example of a material with an amorphous structure of its com-
ponents. Remarkably, glass physics can describe experimental observations on vari-
ous length scales, e.g. highly concentrated micrometer-sized colloidal spheres, a dense
droplet of living cells or even an aggregation of ants [30]. Nevertheless, the molecular
processes in glasses are not fully understood [31]. Although glasses are amorphous, not
every amorphous film is necessarily a glass. The latter is defined by having a glass tran-
sition at a specific temperature, called the glass transition temperature or Tg. There
are a lot of organic glasses known and a careful preparation can result in outstanding
properties [32].
The first part of this section introduces the glass preparation by PVD and the second
explains thin film properties and their manipulation for improving OLEDs.
Organic Glass Formation via Physical Vapor Deposition
Glasses are known to humankind for thousands of years. They occur naturally, e.g.
volcanic obsidian, or they can be produced artificially. Conventional glasses are pre-
pared from the liquid phase. Their stability is influenced by its composition, i.e. by the
mixing ratio of particles such as atoms or molecules. Since few decades it is known that
organic glasses can also be made via PVD [32]. It was generally assumed that those
glasses cannot be as stable as conventional glasses. In 2007 however, Swallen et al.
could demonstrate that certain PVD preparation conditions can lead to unusually high
stability that can even surpass the stability of conventional glasses [33].
Figure 2.5 shows the potential energy landscape as function of all molecule coordi-
nates to illustrate the differences between various glasses and the crystal. A conven-
tional glass can lower its potential energy through aging, but depending on the route
it might be stuck and a local minimum. PVD glasses in contrast can come much closer
to an ideal glass that posses higher stability.
But what does higher stability mean? Why is an amorphous solid preferred over a
crystal, even though the latter has lower enthalpy and is in a denser state? Although
crystals have a long range order of micro-structures, the homogeneity in macroscopic
dimensions is better for a glass. Glasses are for instance used for optical fibers, which
would not work with crystals as they scatter the light at natural grain boundaries [32].
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Figure 2.5: Potential energy landscape that shows the difference between glasses and
crystals. Graphics adapted from [32].
To explain how glass preparation by PVD yields higher stability, the formation of
conventional glasses must first be understood.
Figure 2.6 (a) shows an enthalpy temperature diagram with the different stages to-
wards glass formation. The enthalpy H is often used to describe phase changes under
constant pressure p, where it becomes an equivalent to the first law of thermodynam-
ics [34]
dH = dU + pdV, (2.3)
with U being the internal energy and V the volume of a system. A conventional glass
is now made by cooling a liquid (1) fast enough that crystallization is avoided (2a). The
material is now in a so-called Supercooled Liquid (SCL) state (2b), which still follows
the same enthalpy dependency as the liquid. When the temperature decreases further,
the particles will need exponentially increasing time to find equilibrium position and
at a certain point the liquid ‘freezes’ into a solid state, the glass (3). This happens
at the glass transition temperature Tg, which goes along with a change of slope in
the enthalpy curve. Strictly, the glass transition is not considered as a classic phase
transition, because there are no prompt changes of physical quantities [31, 35]. The
transition temperature Tg depends strongly on the cooling rate, which defines the time
for particles to rearrange. For many materials a cooling rate of few K/min is sufficient
to form a glass, while for materials with efficient crystallization 109 K/s might not be
enough [30]. As the glass is a non-equilibrium state, it will continue to lower its enthalpy
over time to ultimately reach the extrapolated SCL curve. This is done via physical
aging (4). However, reducing the enthalpy at fixed temperatures takes exponentially
increasing time, and thus, the SCL limit might never be reached. The needed times
can become as long as the age of the universe.
Organic glasses prepared by PVD can, however, reach a lower enthalpy state within
reasonable time scales with the exact same particle composition (5). This is non-
intuitive since the cooling rate for individual molecules is extremely high (∼ 1013 K/s)
when they reach the bulk surface [32]. For such high cooling rates a high Tg and
low glass densities would be expected according to Figure 2.6 (a). That a stable glass
can nevertheless be formed is attributed to the high surface mobility of the molecules.
They can quickly equilibrate and find ideal positions to form a tightly packed bulk.
Therefore, a low evaporation rate is required so that molecules are not buried in an
unfavorable state by further molecules arriving at the surface.
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Figure 2.6: Phase diagrams for describing glass transitions and stability parameters.
(a) Enthalpy temperature diagram with the routes to form a crystal, con-
ventional glass and one exemplarily point of an stable glass made by PVD.
(b) Heating and successive cooling of glass made by PVD. A conventional
glass made from heated PVD glass can not reach its high stability. Sta-
bility indicators are the fictive and onset temperature, Tf and Ton.
The stability of (organic-) PVD glasses can be compared to a conventional glasses
by heating it to the SCL state. Figure 2.6 (b) illustrates this process. During heating,
the enthalpy will cross the extrapolated SCL curve (1), defining the so-called fictive
temperature Tf , at which the properties of the glass are equal to a fictive supercooled
liquid state [36]. The fictive temperature Tf gives a first quantitative stability measure,
the lower it is the more stable is the glass. It is regarded as thermodynamic stability.
For conventional glasses the lowest possible Tf is approximately equal or at best slightly
below the Tg. By further increasing the temperature the glass becomes a supercooled
liquid (2), which is the so-called devitrification. This transition can be seen as change
of slope in the enthalpy H or as sudden increase of the heat capacity Cp
Cp =
(
∂H
∂T
)
p
. (2.4)
The change of Cp enables to define the onset temperature Ton of the devitrification.
This onset provides a second stability measure, which is more intuitive and referred
as kinetic stability. With a better packing, either higher temperatures or longer times
are needed for molecular rearrangement. For several organic PVD glasses the maximal
found onset temperature Ton is between 1.04 and 1.06 times the Tg [32], which means
that the transition into the SCL state is more inhibited compared to liquid-cooled glass.
A shift of the devitrification by i.e. 20 K can already be crucial for practical glass
applications. Figure 2.6 (b) further shows that when a conventional glass is prepared
from the SCL again (3), the high stability of previous PVD glass cannot be reached
anymore. It remains a difference in enthalpy and volume. Typical density differences
are in the range of 1 % [37, 38], which sounds moderate, but it is estimated that it would
take 100 to 100 000 years to reach similar densities by aging conventional glass [32].
The stability of PVD glasses can be further increased by controlling the fabrication
processes to attain so-called ultrastable glasses. The key parameter is the substrate
temperature Tsub during material deposition. The best results are obtained when Tsub
is in the range of 0.8 - 0.9 Tg in Kelvin [39]. A deeper understanding of this temper-
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ature range is subject of current research. Nevertheless, the experiments demonstrate
useful properties: Glasses were found with higher thermal and kinetic stability, lower
enthalpies [38, 40–42], higher densities [38, 42, 43], higher elastic moduli [44] and with
lower water uptake [45]. The substrate temperature can change the molecular orienta-
tion [38, 46]. That enables to manipulate the emitter orientation [47], charge carrier
mobilities [48, 49], optical constants, i.e. birefringence [43] and thermal transport [50].
Or vice versa, at Room Temperature (RT) deposition, the emitter orientation depends
on the glass transition temperature [51].
The following section introduces material properties and manipulation strategies for
improved OLED functionality.
Thin Film Properties and Manipulation Strategies
Due to the high complexity of a full OLED stack, it is often helpful to study the individ-
ual layers separately. Therefore, this section introduces properties of amorphous thin
films, or also named layers, which are relevant for the OLED functionality. In addition,
it is discussed how the properties can be influenced to achieve better performance.
Figure 2.7 shows a schematic OLED structure with its geometry, electrical energy
levels and most relevant excitation energies. Here, five organic layers are sandwiched
between two electrodes, which supply the electrical charges. After applying a minimum
voltage Von the charges are transported either by the Hole Transport Layer (HTL) or
Electron Transport Layer (ETL) towards the center. When charges of opposite sign
meet in the Emission Layer (EML) they can form excitons, which are treated as neutral
quasi particles. An exciton can diffuse in the bulk and then recombines ideally under
emission of a photon. To reach high efficiency, the charges and excitons must be confined
between Electron Blocking Layer (EBL) and Hole Blocking Layer (HBL).
Anode HTL EBL EML HBL ETL Cathode
Substrate Encapsulation(a)
E
HOMO
LUMO
(b) eV
E
Singlet / Triplet
(c)
Host
Guest
0
Figure 2.7: Functional layers of an OLED. (a) Layer geometry at the IAPP. (b) En-
ergy levels for charge transport and working principle. (c) Exciton con-
finement of doped host-guest systems.
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Overall, the layer requirements can be grouped in electrical, ‘excitonic’ and optical
properties, which will be explained in more detail below. The importance of a certain
layer property depends on the function in stack and cannot necessarily be optimized
independently. A universal method to control layer properties is doping, which is a
purposefully insertion of additional atoms or molecules. This usually happens via co-
evaporation and leads to a mixture of two or more materials as illustrated in Figure 2.1.
Furthermore, controlling the substrate temperature during PVD has proven to be an
effective manipulation method.
Electrical Properties
High light output needs a high electric current input. Therefore, the charge transporting
layers need an efficient charge carrier injection and a high electric conductivity. The
current density ~j is given by the product of the conductivity σ times an applied electric
field ~E. In general, the conductivity can be anisotropic, but for homogenous media it
becomes a scalar and is expressed as
σ = q nµ (2.5)
with q being the charge, n the charge carrier density and µ the charge carrier mobility.
Equation (2.5) can be used for electron and hole currents so that also electron and hole
mobilities are introduced. The mobility for amorphous organic material is typically
between 10−6 to 10−2 cm2/Vs, which is low compared to weakly n-doped silicon with
103 cm2/Vs [27].
The low mobility results from charge transport by a hopping process from one
molecule to another. In Section 2.1 it was explained that the LUMO can accom-
modate an electron and the HOMO a hole, respectively. In an amorphous solid made
of many molecules there are two significant extensions to this model as illustrated in
Figure 2.8 (a). First, both energies levels are shifted so that the gap between LUMO
and HOMO shrinks, and second, the density of states ρ(E) becomes a Gaussian distri-
bution [23]. The energy shift P is caused by dipole interactions. A charged molecule
possesses a dipole moment which induces polarizations of the surroundings. Hence,
the excited state energy is reduced by the interaction energy of the dipoles. Since the
ground state typically has a smaller dipole, the interaction energy and therefore the
shift is lower. Due to the randomly arranged molecules the energies follow a Gaussian
distribution.
E
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Figure 2.8: Energy level broadening and charge transport in organic amorphous solids.
(a) The LUMO and HOMO are shifted by a polarisation energy P and
broadened due to random distributed molecules. (b) Charge transport is
modeled as a hopping process. Graphics adapted from [23, 27].
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Figure 2.8 (b) demonstrates the hopping process along the distributed energy level
under an applied electric field. The mobility can be enhanced by tuning the molecular
orientation [48], but the disordered nature of amorphous layers does not allow mobilities
as high as those of conventional semiconductors.
According the Equation (2.5), the conductivity can further be enhanced by increasing
the free charge carrier density. This can be done by doping. Therefore, either donor or
acceptor materials are added to the charge transport layers. Figure 2.9 (a) illustrates
the n- and p-type doping for organic semiconductors. For n-doping a material with a
high HOMO donates electrons to the LUMO of the host. Vice versa for p-doping a deep
LUMO takes electrons from the host creating movable holes. Efficient p-doping of HTLs
for OLEDs was first shown in 1998 and it could significantly reduce the driving voltage
[12]. Recently it could even be shown that band structure engineering is possible for
crystalline organic solids [52]. This enables a precise control of energy levels by tuning
the dopant concentration similar to inorganic semiconductors.
Doping does not only increase the conductivity, it also improves the charge carrier in-
jection by band bending. Figure 2.9 (b) demonstrates the mechanism for p-doping. The
Fermi energy EF of a p-doped material is shifted towards the HOMO with increasing
amount of charge carriers. When a metal is brought in contact with the semiconductor
the Fermi level alignment leads to band bending. As a result, it comes to a reduced
width w and height ∆ of the energy barrier for hole injection. Furthermore, a charge
injection layers represent good alternatives to doping. They are called Hole Injection
Layer (HIL) and Electron Injection Layer (EIL) and typically are only few nanometers
thick between electrode and transport layer. The energy barrier is therefore divided
into smaller steps, which increases the probability of charge carrier injection.
Finally, it has to be ensured that an equal amount of electrons and holes reach the
emission layer. The charge balance is adjusted by careful material selection and fine
tuning of energy barriers.
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Figure 2.9: Doping improves the electrical conductivity and charge carrier injection.
(a) For n- and p-type doping electrons are either donated to the host or
taken by an acceptor. (b) Doping leads to band bending with reduced
energy barrier width w and height ∆. Graphic (b) adapted from [53, 54].
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Excitonic Properties
Once the electrical charges reach the EML, they can excite the emitter molecule. How-
ever, the excited state can be quenched in various ways, e.g. by energy transfer to
accessible non-radiative states, by an electrical charge or by interaction with another
excited state. Of course the quenching has to be avoided or at least reduced for high
efficiency. The complexity of quenching processes is beyond the scope of this introduc-
tion. For further studies the reader is referred to the review article by Murawski et
al. [55]. Here, only the basic concepts are presented.
The excitation of a molecule is often described as an exciton, which is treated as
quasi-particle of electron and hole. As the exciton is charge neutral, it is not affected by
an applied field and can diffuse through the layer. Hereby the excitation is transferred
from an excited molecule to a molecule in the ground state. The longer the diffusion
time and length, the more likely are quenching events.
There are two mechanisms for the energy exchange between neighboring molecules.
The Förster-transfer is based on dipole coupling, in which the electrons stay on each
molecule. Typical transfer distances are between 0.8 and 5 nm [56]. Note that this is
rather a diffusion of an excited state than real particle diffusion. In the Dexter-transfer
there is actually an electron moved from one to another molecule. This happens due
to orbital overlap of adjacent molecules and, thus, the transfer distance is only up to
2 nm [56]. Singlet excitons diffuse preferentially via the Förster- and triplet excitons
preferentially via the Dexter-transfer.
Quenching between two excited states usually results in one excited and one ground
state. The excess energy is transferred to higher excited ‘hot’ states and then lost
in vibrational relaxations. There are many quenching processes. The ones for singlets
are Singlet-Triplet Annihilation (STA), Singlet-Singlet Annihilation (SSA) and Singlet-
Polaron Annihilation (SPA) [55]. The polaron means either an negative or positive
charged molecule. For triplets the quenching processes are Triplet-Polaron Quenching
(TPQ) and Triplet-Triplet Annihilation (TTA). Generally, a high density of either
polarons or excitions lead to enhanced chances for the quenching to occur. That is why
at high current densities OLEDs suffer efficiency loss, the so-called roll-off.
Avoiding the polaron quenching processes can be tackled by proper charge balance
and by confining the excitons to the emission layer. In that way the excitons cannot
diffuse to the charge transporting layers and get quenched. The confinement is done by
sandwiching the EML between the blocking layers EBL and HBL with higher singlet
and triplet energies.
However, quenching processes which remain are STA for fluorescent OLEDs and TTA
for phosphorescent OLEDs. TTA can be reduced by generally reducing the triplet
density, for instance, by doping the emitter with low concentration into a host, by
reducing the triplet-exciton lifetime or by broadening the emission zone.
Optical Properties
For high efficiency, the aim is to first generate as many photons as possible in the
EML and then extract all of them from the OLED. As result, the optical properties
of all layers are important, but the EML is crucial. Its three most important optical
properties are the radiative efficiency, the photon emission direction and the refractive
index, which are discussed in the following.
An excited molecule in the EML can release its energy via radiative or non-radiative
processes. The radiative processes are fluorescence and phosphorescence, see Fig-
ure 2.3, and the non-radiative processes include conformational relaxation, photochem-
ical quenching or electronic energy transfer [57]. A measure of the radiative efficiency
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of a layer is given by the Photoluminescence Quantum Yield (PLQY). It is the ratio of
optically absorbed to subsequently emitted photons
PLQY =
Emitted Photons
Absorbed Photons
(2.6)
with values between 0 and 100 %. For simulation purposes the PLQY is often ex-
pressed as rate equation with
PLQY → ηrad =
Γr
Γr + Γnr
(2.7)
where Γr and Γnr describes the sum of radiative and non-radiative rates. The rate
units are events or transfers per second. Although the PLQY is measured under optical
excitation it is often set equal to ηrad the for EQE calculations of OLEDs. The discrep-
ancy is that optically only singlets are excited, while electrically 25 % singlets and 75 %
are generated. A high Intersystem Crossing (ISC) rates justifies this assumption for
phosphorescent emitters, because all singlets will eventually transfer into triplet states.
Phosphorescence is most efficient when the phosphorescent molecules are doped in a
host with low concentrations. It has been shown that the PLQY strongly drops with
increasing concentration of iridium complexes [58]. Layers with pure phosphorescent
materials have a PLQY of almost zero. This results from self-quenching of excited
emitter molecules by TTA.
Closely related to ηrad is the characteristic decay time τ of an emitter system with
τ =
1
Γr + Γnr
. (2.8)
The faster excited states are depopulated, the shorter is the decay time τ . The
state depopulation happens through both rates. Thus, a short decay time does not
necessarily implies a high PLQY. Measuring the τ and PLQY enables to calculate the
rates with the equations (2.7) and (2.8).
Besides a high PLQY, it is also important in which directions the photons are emit-
ted. The radiation process is modeled with an oscillating electric dipole, which can
be imagined through steady recombination of electron and hole pairs. The radiative
rate Γr can be described with Fermi’s golden rule, which reads [28, 59]
Γr ∝ |µif |2ρ(νif ) = |〈ψf |~µ|ψi〉|2 ρ(νif ). (2.9)
Here, the transition between initial ψi and final state ψf depends on the electric dipole
moment operator ~µ = e~r and on the photonic mode density ρ(νif ) at the transition
frequency νif .
The orientation of the dipole ~µ within the layer has a crucial influence on the light
outcoupling [60]. Van der Waals and electrostatic interactions are considered as cause
of the dipole orientation [18, 61]. Figure 2.10 (a) sketches the field of an oscillating
dipole which is tilted by an angle θ with respect to the surface normal. For a horizontal
alignment with θ = 0 ◦ more light is emitted perpendicular the to layer, which leads to
higher light outcoupling than vertical alignment with θ = 90 ◦.
An EML comprises many emitting dipoles and hence a parameter is needed that
describes the dipole distribution of the molecular ensemble. Therefore, the anisotropy
factor a (or sometimes Θ) have been established. Angular resolved luminescence spec-
troscopy is used to measure the average projection of each dipole on the surface normal
[62] with
a = 〈cos2 θ〉 . (2.10)
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Figure 2.10: Horizontal dipole orientation improves the light outcoupling. (a) Field
propagation of an oscillating dipole ~µ and its orientation within a layer
described by the angle θ. (b) The anisotropy factor a and order param-
eter S are used to characterize a dipole ensemble.
Figure 2.10 (b) illustrates that a completely vertical orientation is given by a = 1.
The other extreme, a fully horizontal distribution results in a = 0. Random or isotropic
distribution is described by a = 1/3. The arrow indicates an increasing light outcou-
pling factor ηout with decreasing anisotropy factor a.
An arbitrary oriented dipole can be expressed as sum of three contributions. Due to
the chosen rotational symmetry of the planar layer, the contributions are µ⊥,TM, µ‖,TM
and µ‖,TE, where ‘⊥’ or ‘‖’ means either vertical or horizontal contribution and (TM)
transverse magnetic or (TE) transverse electric polarization. The anisotropy factor a
can also be interpreted as ratio of the vertical dipoles to all dipoles, although there
does not need to be any real vertical dipole in an EML. Experimentally, the anisotropy
factor a is determined from electro- [63, 64] or Photoluminescence (PL) measurements
[65, 66].
Lastly, the light outcoupling depends on the refractive index n of the EML. A simple
approximation of the light outcoupling factor ηout for isotropic dipoles is [67]
ηout =
1
2n2
. (2.11)
With n ≈ 1.6, the ηout becomes approximately 20 %. This rather low light outcou-
pling results from the mismatch between the reflective index of the EML, where the
light is produced, and the air, where the light should be emitted. This leads to total
internal reflections at boundaries, e.g. at organic-glass and glass-air interface. A lower
the refractive index thus increases the light outcoupling. However, in reality, the optical
description is more complex as discussed later in Section 2.3.
The refractive index of a dielectric media is in general a complex quantity with
ñ = n− iκ (2.12)
where n is the real part and κ the extinction coefficient. Putting ñ in the solution of
a plane electric wave traveling in z direction it reads [23]
E(z, t) = E0e
i(ωt−ñk0z) = E0e
−κk0zei(ωt−nk0z). (2.13)
Here E0 is the amplitude, ω the angular frequency, t the time and k0 the magnitude of
the wave vector in vacuum. The right term shows that κ leads to an attenuation of the
wave. A comparison to the Lambert-Beer law reveals the connection to the absorption
coefficient with α = 2κk0. The refractive index n and the extinction coefficient κ can
be derived from a classical oscillator model [23].
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Figure 2.11: Refractive index n and extinction coefficient κ in dependence on the
angular frequency ω. Graphics adapted from [23].
Figure 2.11 shows the refractive index n and the extinction coefficient κ dependency
on the frequency. The refractive index n increases towards an extinction peak, which
corresponds to a strong absorption. Just before the extinction reaches its maximum,
the n peaks and decreases again to fall below n = 1.
Figure 2.11 also indicates the relevant frequency range for OLED emission. For
visible light, the refractive indices are the range of 1.6 to 1.9, which leads to rather
low light outcoupling. It is the Stokes shift between emission and absorption that
defines the relevant refractive index range. With decreasing emission energy, i.e. for
phosphorescence, the refractive index decreases and enables naturally slightly higher
light outcoupling than for fluorescence.
The shape and stacking of molecules in a thin film can lead to birefringence, that is
a difference of the complex refractive index for in-plane and out-of-plane polarization,
respectively. It has been shown that birefringence of the HTL and ETL can increase
light outcoupling [68]. To describe the anisotropy of a birefringent layer another orien-
tation parameter, the order parameter S, has been introduced. It can be determined by
variable-angle spectroscopic ellipsometry and it is calculated from the maximal ordinary
and extraordinary extinction coefficients, κo and κe, with [62]
S =
κe − κo
κe + 2κo
=
3a− 1
2
. (2.14)
The values for vertical, isotropic and horizontal dipole distributions are 1, 0 and -0.5,
respectively. Equation (2.14) connects ellipsometry to angular resolved luminescence
spectroscopy. It enables the calculation of the luminance based anisotropy factor a
from S and vice versa.
Furthermore, the molecular packing, described by S is related to the glass physics.
It could be shown that S of a PVD glass can be manipulated by controlling the sub-
strate temperature Tsub during deposition [38]. The molecular shape influences how the
molecules align with the substrate temperature [46]. For rod shaped molecules, hori-
zontal orientation is observed at Tsub/Tg . 0.8 [38, 46]. With increasing temperature,
the orientation becomes more vertical, peaking at Tsub/Tg ≈ 0.95 and at Tsub/Tg > 1.0
the orientation becomes isotropic. For disc shaped molecules, the isotropic orienta-
tion at high temperatures is also observed. In contrast, at Tsub/Tg . 0.8 [46] they
align vertically. The substrate heating could thus make it possible to control the light
outcoupling in OLEDs.
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The options for improving OLED efficiency via layer manipulation are now briefly
summarized. An universal method for achieving improvement is doping. First, the
charge carrier injection and transport can be improved by p-/n-doping or by insertion
of injection layers. Second, to avoid exciton quenching, the emitter is doped into the
EML and confined by blocking layers that keep excitons in and manage charge bal-
ance. Third, the EML needs high a PLQY and preferably horizontally aligned emitting
dipoles. That is strongly dependent on used materials, but can also be controlled by
doping or by adjusting the substrate temperature during deposition. Additionally, low
refractive indices and birefringence can directly enhance the EQE.
The layer deposition by PVD suggests a new way of improving OLEDs. The glass
stability can be improved and many useful properties could be observed. The underlying
processes are, however, subject to current research and have not been fully understood.
Nevertheless, the heating experiments offer pragmatic ways to seek for OLED efficiency
improvements. Experimental studies for this purpose are presented in Chapter 4.
2.3 Phenomenology and Efficiency Considerations of
Complete OLEDs
The previous section introduced basic properties of layers that are used in OLEDs. This
section introduces the physics of complete OLED stacks, where the description focuses
on the whole device in which layer properties are connected. The discussion starts with
introducing OLED types, then sketching the phenomenological working principle and
finally introducing the optical modelling of planar OLED stacks. The optical modelling
is basis for the calculation of photon distributions, efficiencies and perceived emission
colors. The photon distribution reveals efficiency enhancement possibilities by light
extraction techniques. Therefore, a brief overview to the current state-of-the-art light
outcoupling structures is given.
Device Types and Electro-Optical Characteristics
Figure 2.12 illustrates the OLED categorization by the direction of emission. When
the light exits through the substrate, it is referred to as a bottom-emitting OLED.
Accordingly, a top-emitting OLED emits away from the substrate and thus does not
need a transparent substrate. Further types are transparent and stacked OLEDs, which
however are not used in this thesis. Regardless of the specific stack, the working
principle is generally the same.
Substrate
EML
opaque
transparent
Bottom-emitting Top-emitting Transparent Stacked
transparent
opaque
transparent
transparent transparent
EML 2
Substrate
EML EML
EML 1
opaque
 
SubstrateSubstrate
pn-junction
Figure 2.12: OLED types by emission direction. Graphic adapted from [69].
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Figure 2.13 (a) shows typical Current density-Voltage-Luminance (jVL) curves of
red, green and blue bottom-emitting OLEDs. In this example the actual zero current
is not at zero volts (1), which results from capacity charging that depends on the
measurement times [70]. Afterwards the current scales linear to the voltage (2), which
is attributed to leakage currents. With higher resistance the leakage decreases. The
sudden increase of current results from charges that have reached the EML and start
recombining (3). This can be modeled with the Shockley equation with exponential
dependency on the voltage. Simultaneously, the emission sets in, expressed with the
luminance L. The turn-on voltage scales with emission energy. The pure exponential
regime is present at best for only 2-3 orders of magnitude. Hereafter the current is
limited by so-called space charges and scales quadratic with V (4). The Space Charge
Limited Current (SCLC) results from the low mobility of charges, which cannot be
transported quickly enough and thus impeding further injection of charges.
The EQE gives a measure of the OLED efficiency. It is defined as the rate quotient of
extracted photons to injected charges and can be calculated from measurements by [71]
ηEQE =
e
jAhc
∫
Ω
∫
λ
λI(Ω, λ) dλ dΩ. (2.15)
Here, e is the elementary charge, j the current density, A the emission area, h
the Planck constant, c the speed of light, I the radiant intensity and Ω the solid
angle. Another measure of efficiency is the LE that takes into account the human eye
sensitivity V (λ) and the applied voltage U [71]
ηLE =
Km
UjA
∫
Ω
∫
λ
V (λ)I(Ω, λ) dλ dΩ. (2.16)
Here, Km = 683 lm/W is a constant. Figure 2.13 (b) displays the EQE as function
of the current density j. At values below j < 1 mA/cm2 the EQE stays relatively
constant. At higher values the efficiency decreases due to quenching processes such as
TTA and STA. For practical reasons the EQE is expressed as a product of efficiencies
of individual processes with [23, 72]
ηEQE = γ ηST η
∗
rad ηout = ηIQE ηout. (2.17)
The factor γ models the electrical efficiency and indicates the ratio of generated
molecular excitations over the injected charges. Moreover, γ includes charge balance
and injection issues. The spin factor ηST accounts for the excitations which actu-
ally have radiative transitions by spin statistics, i.e. ηST = 0.25 for fluorescence and
ηST = 1.0 for phosphorescence and TADF. Hence, the fluorescent blue emitter yields
much lower EQEs in Figure 2.13 (b). For TTA based fluorescence, ηST becomes 62.5 %
[73]. Sometimes ηST is included in γ [74]. The factor η
∗
rad provides the ratio of radiative
rates to all rates including non-radiative rates. With rising current density j, triplet
and singlet densities increase. This leads to increasing chance of quenching processes
as discussed in Section 2.2. The star in η∗rad indicates a consideration of cavity effects
which can modify the radiative rate as discussed later. All previous factors are sum-
marized as Internal Quantum Efficiency (IQE). Lastly, ηout is the share of extracted
photons to all generated photons in the OLED.
The radiant intensity I(λ) is displayed in Figure 2.13 (c). I(λ) is obtained through
integration over all solid angles Ω, i.e. by measurements in an integrating sphere. The
shown spectra are measured at constant current density with j = 15 mA/cm2 and
normalized to the common maximum value of the green emitter. The luminance L
quantifies human brightness perception and is obtained as [71]
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Figure 2.13: Electro-optical characteristics of a red, green and blue OLED. (a) The
jVL curves with different regimes that are explained in the main text.
(b) EQE curves with Roll-off due to quenching. (c) Electrolumines-
cence (EL) spectra at 15 mA/cm2 and their luminance L contribution
by weighting it with the eye sensitivity V (λ).
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L =
Km
A
∫
λ
I(λ)V (λ) dλ. (2.18)
Strictly, the luminance L is only defined in normal direction of the emitting surface.
But for this particular experiment, the spectra were measured in an integrating sphere
and the forward emission was approximated with the Lambert assumption to [75]
I(λ, ϑ) = I0(λ) cosϑ (2.19)
where I0(λ) is the radiant intensity in surface normal direction. The angular resolved
spectral radiant intensity I(λ, ϑ) decreases with the cosine of the viewing angle ϑ.
Figure 2.13 (a) shows that the green emitter has the highest luminance in the SCLC
regime, whereas the jV characteristics are almost identical for all colors. This can be
explained by higher efficiency of the green OLED, but also by equation (2.18). There
is simply a larger overlap between I(λ) and V (λ). Figure 2.13 (c) shows the product
of both quantities as filled area. For green the overlap is greater than red, which is
again greater than blue. Consequently, the luminance of the green emitter is at least
2 times higher compared to red, although the efficiency ratio is only about x 1.3. This
has crucial implications for luminance comparison of OLEDs. A higher luminance does
not necessarily mean higher efficiency, because it could just result from a shift of the
emission spectrum towards the peak of V (λ) at λ = 555 nm.
Lifetime and Degradation
Virtually all OLEDs suffer from a luminance decrease with operation time. In worst
cases even an abrupt failure or dark spot formation can be observed. The time depen-
dency of the luminance L(t) at constant current can often be fitted with a streched
exponential decay [76]
L(t) = L0 exp
[
−
(
t
τ
)β]
(2.20)
where L0 is the initial luminance and τ and β are fit parameters without a specific
physical meaning. The decrease can further be quantified with the lifetime LTX , where
X states the percentage of the relative drop with respect to the initial luminance.
Commonly used lifetimes are LT97, LT70 or LT50 depending on the absolute values
or required standards. The lifetimes further scale inversely to the applied current
density j. This can be described with the empirical law [76]
Ln0 (j) LTX(j) = C (2.21)
with an acceleration factor n and a constant C. With Equation (2.21) extra- and
interpolations of lifetimes can be done for currents that have not been measured [77].
Although, the modelling works well for many OLEDs, conclusions on specific degra-
dation mechanisms must be studied individually. After all, the luminance decrease can
originate from multiple causes such as electro- or photochemical reactions, complex-
ation, charge accumulation and migration, re-orientation of dipoles or morphological
changes [19, 78]. The causes are grouped into intrinsic and extrinsic types, where the
intrinsic causes are mediated by excitons, charge carriers or specific materials. The
extrinsic causes such as penetration of water and oxygen, impurities or enhanced tem-
peratures can mostly be avoided with proper encapsulation, process control and storage.
The complexity goes beyond the scope of this work, for further reading the reader is
referred to the review article from Scholz et al. [78].
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Modelling of Light Emission
The optics of an OLED can be well described with classical electrodynamics. Therefore,
the Maxwell equations must be solved for dipole emission in planar multilayered media.
Figure 2.14 (a) sketches the layer sequence as starting point for the calculation. The
layers are charcterized by their thickness d and their complex refractive index ñ. In
general they can be made of thin dielectric media or metals.
The solution yields the so-called normalized power dissipation spectrum K, which
enables to calculate many experimentally measurable quantities, e.g. OLED emission
spectra and efficiencies. This sections first explains how to understand K and then
introduces derived quantities according to Figure 2.14 (b). Here only the key results
are presented. For further details, the reader is referred to literature [28, 59, 79, 80].
The spontaneous decay of an excited stated is treated as an electrical polarization.
Some fractions of the radiated dipole emission will be back reflected at various layer
interfaces and drive the electric polarization again. A good analogy is a forced damped
harmonic oscillator. Resonance conditions are found for certain photons frequencies
and impulses. At the resonance, the electromagnetic field is strongly enhanced due to
the optical cavity.
Glass Substrate
Transparent Electrode
Organic Layers
Metal Electrode
Vertical Orientation (a = 1) Horizontal Orientation (a = 0)(a)
(b)
Figure 2.14: Starting point and calculation path for optical modelling of OLEDs. (a)
Dipole emission in OLED cavities for the two extreme cases of perfectly
vertically or horizontally oriented dipoles. Important input parameters
are layer thicknesses Dn = {d1, d2, ..., dn} and complex refractive indices
Ñn = {ñ1, ñ2, ..., ñn}. Figure (a) after [81]. (b) Pathways for calculation
of optical properties of OLEDs. The central quantity is the normalized
power dissipation spectrum K. From it all properties can be calculated
such as the emission spectrum I(λ, ϑ), the efficiency ηEQE and the photon
distribution fractions χ. Input parameters are required at several stages.
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These resonances are described by K(λ, u), which can be interpreted as probability
density for emission of a photon with the wavelength λ and the normalized in-plane
wave-vector u = k‖/k with
K(λ, u) = f(Dn, Ñn, a, z0). (2.22)
It depends on the sets of thicknesses Dn = {d1, d2, ..., dn}, the complex refractive
indices Ñn = {ñ1, ñ2, ..., ñn} of n layers, the anisotropy coefficient a and the emission
zone position z0 within the stack. Here, the emission zone is assumed to be infinitely
thin, usually located between an EML and a blocking layer. This can be justified by
unequal charge carrier mobilities of the EML and small exciton diffusion length. Just a
slight mobility difference will lead to a preferred exciton generation zone, so that most
recombining excitons are from a thin zone at the interface of two layers.
The solution of the Maxwell equations for practical calculation becomes the form
K = aKTM⊥ + (1− a)
(
KTM‖ +K
TE
‖
)
. (2.23)
The three contributions Kji with i = {⊥ / ‖} and j = {TM/TE} are weighted by
the anisotropy factor a. The coordinate system is the same, which was already used
in Section 2.2 to describe the emitter anisotropy. As result there is no contribution of
TE-modes from perpendicular aligned dipoles. Each contribution Kji has further the
following general form [28]
Kji ∝ Re
[
f(u)
(1± αup)(1± αdown)
1− α
]
(2.24)
where the α stands for generalized reflection coefficients including phase terms. The
factor 11−α represents the limit of a geometric series and is interpreted as interference
term from multiple reflection at the lower and upper layers. The factor (1 ± αup/down)
describes interference between initial and upper/lower reflected ray at the source posi-
tion.
The total radiated power F (λ) from the emitting dipoles can be obtained by inte-
gration over the normalized in-plane wave-vector component u with
F (λ) =
∫ ∞
0
K(λ, u) du2 = 2
∫ ∞
0
uK(λ, u) du (2.25)
also known as Purcell factor. The power dissipation spectrum K(λ, u) is normalized
such that F (λ) = 1 for an emitting molecule in vacuum. An optical surrounding can
enhance (F (λ) > 1) or suppress (F (λ) < 1) spontaneous emission which is described
by an effective radiative rate with
Γ∗r (λ) = F (λ) Γr. (2.26)
With Equation (2.7) the effective radiative efficiency η∗rad(λ) can be calculated to
η∗rad(λ) =
Γ∗r (λ)
Γ∗r (λ) + Γnr
=
F (λ)ηrad
1− ηrad + F (λ)ηrad
. (2.27)
The decay time in Equation (2.8) changes in the same way from τ to τ∗(F ). The
outcoupled power U(λ) to air is calculated in analogy to the total power F (λ) with
U(λ) = 2
∫ ucrit(λ)
0
uKout(λ, u) du. (2.28)
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However, U(λ) contains two important differences to F (λ) from equation (2.25).
First, the integration is limited to the air cone, which is described by the ratio of
the refractive indices of the outcoupling media and the media where the emission is
generated with ucrit(λ) = nair(λ)/nactive(λ). Second, the normalized power dissipation
spectrum is modified with Kout(λ, u) < K(λ, u) to account for photons actually leaving
the device. Some photons, which in principle have suited energy and momentum to
be able to escape the device, are reflected at layer interfaces on their way out and
ultimately are absorbed in the stack. In addition, Kout considers multiple reflections
in an incoherently treated thick substrate, if present.
The contour plot of Figure 2.15 shows an example of the integrand uK(λ, u) of
Equation (2.25) weighted with the PL spectrum SPL(λ) of the emitter. Inside the
EML it is assumed, that the EL spectrum SEL(λ) ≈ SPL(λ). The top right graph
depicts a cross section at λ = 508 nm. Here, the four typical photon fractions are
displayed: Photons that reach the air, the substrate (Sub), that coupled to Waveguide
(WG) and evanescent modes (Eva). They are separated by the normalized in-plane
wave-vector component u, which corresponds to the ratio of the refractive indices of
the adjacent layers.
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Figure 2.15: Example of the normalized power dissipation spectrum uK(λ, u). The
photon fractions are classified depending on their in-plane wave-vector
component k‖. The contour plot shows the product of uK(λ, u) and the
PL spectrum SPL(λ). Graphics adapted from [82].
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For u < uaircrit ≈ 1/1.8 ≈ 0.55 the photons reach the air. The next light line is given
by usubcrit ≈ 1.5/1.8 ≈ 0.84, meaning that for 0.55 < u < 0.84 the light is confined in the
glass substrate. Remarkably, there is no discontinuity in the transition from air to glass.
Between 0.84 < u < 1 the light is trapped in WG modes. Here, two distinct modes
with high intensity are noticeable. Although the modes are small in k-space, the actual
photon number is high due to the high peak in logarithmic scale. The transition from
substrate to WG regime is clearly visible in the power dissipation spectrum. This can
be related to the change of incoherently treated thick substrates and coherently treated
thin dielectric media, which enables strong fields through interference. Finally, for u > 1
the emitted photons couple to evanescent Surface Plasmon Polariton (SPP) modes,
which are oscillations of free electrons in the metal electrodes. This can be understood
through the fact that k2 = k2z + k
2
‖ always has to be fulfilled. With u = k‖/k > 1 the
component kz becomes imaginary, and therefore the electromagnetic wave will decay
exponentially towards the metal bulk according to Equation (2.13). In the present
example, there is one pronounced SPP mode. For a thin metal sandwiched between
two dielectric media the SPP modes can couple to each other and lead to symmetric
and antisymmetric solutions [28]. This is the case for top-emitting OLEDs with thin
metal electrode and capping layer [74].
As mentioned and displayed in Figure 2.14 (b), the power dissipation spectrum K
is the central quantity for optical calculations. It contains all information of the mode
distributions.
The emission spectrum I(λ, ϑ) and the EQE can be calculated with further knowledge
of the electrical efficiency γ, the spin factor ηST, the radiative efficiency ηrad and the
photoluminescence spectrum SPL(λ). From the spectrum, the OLED emission color
can be derived, which is expressed with CIE coordinates.
Finally, up to seven fractions χ are defined to describe what happens to excited
molecular states. In total, the fractions add up to 100 %, but not all of them are
experimentally accessible. Four of them describe actually the emitted photons, which
have been displayed in Figure 2.15, e.g. photons that either reach the air (ηEQE) and
the substrate (χsub) or couple to WG (χWG) and evanescent modes (χSPP). Three
further fractions are non-radiative losses (χnon), absorption losses (χabs) and electrical
losses (χγ). Note that here the spin factor ηST is included in the electrical efficiency γ.
The next subsections introduce all those OLED characteristics, which can be derived
from the power dissipation spectra K.
Emission Spectrum and CIE Coordinates
The angular resolved spectral radiant intensity I(λ, ϑ) of an OLED is of course mostly
dependent on the spectrum of the emitting molecules SPL(λ). However, from Fig-
ure 2.14 (b) further dependencies can be identified. The parameters that can most
easily be experimentally influenced are the layer thicknesses Dn and the position of the
emission zone z0. Overall the λ and ϑ dependencies can be summarized as
I(λ, ϑ) = g(SPL, Dn, Ñn, a, z0). (2.29)
The influence from parameters other than SPL can be understood considering Fermi’s
golden rule. The photonic mode density ρ(νif ) in Equation (2.9) is changed by the
optical surroundings, e.g. through distances to reflecting surfaces. As result the spon-
taneous transitions Γif are changed depending on their frequency or wavelength, respec-
tively. In other words, an OLED emission spectrum I(λ, ϑ) can be different than the
photoluminescence spectrum SPL(λ) of the used emitting molecules. This is examined
in more detail in Section 6.3.
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The EL spectra I(λ, ϑ) can be calculated, when detailed information of the OLED
stack are available, it reads [72]
I(λ, ϑ) = γ ηST
jhc
eλ
SPL(λ)η
∗
rad(λ)
(
nair
nEML(λ)
)2 cosϑ
π
Kout(λ, ϑ)
F (λ)
(2.30)
with j the current density, e the elementary charge, h the Planck constant and c the
speed of light. Equation (2.30) describes experimental results of red, green and blue
emitters well [72]. The comparison between experimental data and simulations even
enables to fit parameters, e.g. the anisotropy a or thicknesses Dn.
Next, it is introduced how colors are obtained from the emission spectrum. The color
perception of the human eye works with three types of cells. Each cell is sensitive to
different wavelength, which is simplified a sensitivity to red, green and blue light. The
International Commission on Illumination1 or CIE developed many colors spaces for
color classification. In OLED research the most commonly used color space is the one
from 1931.
To calculate the so-called CIE coordinates (CIEx/CIEy) three color matching func-
tions x̄, ȳ and z̄ are needed. These functions are displayed in Figure 2.16 (a) and mimic
the sensitivity of the three types of cells. With that the so-called tristimulus values X,
Y and Z can be calculated from any given spectrum S(λ) with
X =
∫
λ
S(λ) x̄(λ) dλ, Y =
∫
λ
S(λ) ȳ(λ) dλ, Z =
∫
λ
S(λ) z̄(λ) dλ. (2.31)
The values of X, Y and Z completely characterize a perceived color stimulus. Two
colour stimuli with identical tristimulus vales are of the same colour, although the two
spectra S(λ) can be different, which is called metamerism. The CIE coordinates are
defined through normalization as
CIEx =
X
X + Y + Z
, CIEy =
Y
X + Y + Z
, CIEz =
Z
X + Y + Z
. (2.32)
The pair (CIEx/CIEy) is enough to characterize a color. Figure 2.16 (b) displays
the same red, green and blue OLED spectra as from the beginning of this section.
Their color coordinates are plotted as grey dots into the CIE 1931 colors space in
Figure 2.16 (c). The color space contains all displayable colors. Single wavelength
spectra are on the edge of the color space.
One challenge of the display industry is to achieve deep blue with high efficiency.
Section 6.3 therefore discusses the influence of ETL and HTL thicknesses on the angular
resolved spectral radiant intensity I(λ, ϑ), i.e. the emission color, and the efficiency.
The latest display standard (BT2020) by the International Telecommunication Union
is drawn as black triangle for an orientation in the colors space [83]. Another aim for
display technologies is to extent the space of displayable colors. Therefore, narrow
spectra are required, which at best consist of only one wavelength. White light can be
achieved by mixing red, green and blue light.
Typical standards for lighting are the warm white color point A with (0.448/0.407)
and the cold white color point E (0.333/0.333). Both points are approximately on the
so-called Planckian locus, which displays all achievable colors of a black body radiator.
With increasing temperature, its color shifts from red, over orange and white to blue
as indicated in Figure 2.16 (c).
1french: Commission Internationale de l’Éclairage
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Figure 2.16: Color classification with the CIE color space from 1931. (a) Color match-
ing functions to model the human eye color perception. (b) Exemplarily
OLED spectra for calculation of color coordinates. (c) CIE color space
with monochromatic wavelength at the edge. Further indicated are color
coordinates of Ir, Ig, Ib, the latest recommended display standard tri-
angle BT2020 [83], white color points A and E, and the Planckian locus
with the color of a black body radiator with temperatures in 1000 K.
EQE and Photon Fractions
The EQE, i.e. the ratio of extracted photons over injected charges, is the most com-
monly used efficiency to evaluate OLEDs. It depends on many parameters, of which
some are easy to be influenced through the processing, e.g. thicknesses Dn and emis-
sion position z0. Some other parameters are material-specific, e.g. the refractive index
Ñn or the spin factor ηST. Lastly, there are parameters which depend more on the
complete device, i.e. through doping or energy alignment, for instance the effective
radiative efficiency factor η∗rad or the electrical efficiency γ. Those dependencies are
summarized with following equation
ηEQE = h( Dn, z0︸ ︷︷ ︸
Processing
, ..., Ñn, ηST, a︸ ︷︷ ︸
Material
, ..., γ, η∗rad︸ ︷︷ ︸
Device
). (2.33)
Sometimes unknown parameters are determined through EQE measurements, so that
the experiment matches the simulations. The EQE can be obtained when putting
Equation (2.30) into (2.15). With the assumption of rotational symmetry and with
u = nair(λ)/nEML(λ) sinϑ it becomes
ηEQE = γ ηST
∫
λ
SPL(λ)
ηradF (λ)
1− ηrad + ηradF (λ)︸ ︷︷ ︸
η∗rad(λ)
U(λ)
F (λ)︸ ︷︷ ︸
ηout(λ)
dλ. (2.34)
This form enables to study EQE changes by optical simulations. Interesting param-
eters are for instance the anisotropy a or layer thicknesses Dn.
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The voltage in OLEDs under operation drops mostly in the intrinsic EML. The highly
conductive transport layer thicknesses can be varied without losing much voltage and
electrical efficiency. As result, the optical and electrical optimization can be decoupled.
The left side of Figure 2.17 (a) shows the EQE in dependence of the HTL and
ETL thickness. The calculations are performed for a red bottom-emitting OLED with
realistic emitter parameters, i.e. a = 1/3 and ηrad = 0.8. The figure shows several
thickness combinations with local EQE maxima, which is a direct consequence of the
thin-film interference. The EQE is highest when the electromagnetic field peaks at the
emitter molecule position and at the glass-air interface [72]. This reflects the resonance
conditions, which result from constructive interference within the cavity. Consequently,
there also exist poor EQEs due to destructive interference in between the maxima.
The EQE maxima are classified into different orders as displayed in Figure 2.17 (a).
For a first order OLED (1), there exists only one field maximum in the cavity and at
this exact position the emitter is located (3/4 λ cavity). A second order OLED has
two field maxima (2a, 2b) in which the emitter can be placed (5/4 λ cavity). Usually
the EQE is higher when the emitter is further away from the opaque metal electrode,
because the coupling to the SPP mode decreases. For bottom-emitting OLEDs, it is
a thick ETL (2a) instead of a thick HTL, for top-emitting OLEDs it is vice versa.
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Figure 2.17: EQE as function of ETL and HTL thickness that reveals four local max-
ima (1, 2a, 2b, 3) and photon distribution along the dotted lines. (a) For
a realistic red bottom-emitting OLED with a = 1/3 and ηrad = 0.8. (b)
For an ideal red bottom-emitting OLED with a = 0 and ηrad = 1. The
electrical efficiency is γ = 1 for both cases. Graphics adapted from [82].
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2.3 Phenomenology and Efficiency Considerations of Complete OLEDs
Further, there are three third orders, four fourth orders and so on. But due to non-zero
absorption, the orders higher than the second are not relevant. Here only one third
order (3) is shown.
Every efficient OLED should be build in its optical maximum, e.g. the first order.
OLEDs are often optimized by simulations to have highest possible ηout. The Equa-
tion (2.34) simplifies to the outcoupling factor ηout when ηST = γ = ηrad = 1 with
ηout =
∫
λ
SPL(λ) ηout(λ) dλ. (2.35)
The ηout can be maximized with optimization algorithms of ηout = h̃(dHTL, dETL, ...).
However, when ηrad < 1 then the ηEQE = h(dHTL, dETL, ...) should be maximized,
because the non-radiative losses are dependent on thicknesses as well, which can be
seen in the photon fractions of Figure 2.17 (a).
Lastly, the photon fractions χ can be obtained from the optical model. Their knowl-
edge is useful for further EQE improvement with light outcoupling strategies. The right
side of Figure 2.17 (a) shows the photon fractions χ in dependence on the ETL thick-
ness for constant dHTL = 43 nm. The first four fractions can be obtained by integrating
K over its regimes as displayed in Figure 2.15. Here, each regime is first integrated over
the in-plane component u with wavelength dependent boundaries ucrit(λ). After that
the wavelength integration is performed. The absorption fraction χabs is obtained by
the difference of K and Kout. The non-radiative loss χnon can be extracted by calcu-
lating all previously losses with perfect and imperfect radiative efficiency, ηrad = 1 and
ηrad < 1, respectively. In this model, the electrical loss χγ = 1− γ rescales all previous
contributions with a constant factor that is zero in the present example.
How do the fractions χ change with increasing ETL thickness for a realistic OLED?
The ηEQE in Figure 2.17 (a) shows the typical two maxima. On top of that, the
photons in the substrate χsub are relatively constant. The fraction of waveguided
photons χWG increase with thickness, because the cavity can support more and more
waveguide modes. In contrast, the fraction of evanescent modes χSPP decreases due to
the increased distance between emitter and metal electrode, and thus weaker coupling.
The absorption χabs slightly increases with thickness, which also can be understood
with the Lambert-Beer-law. Lastly, the non-radiative losses χnon are highest in the
EQE minima.
How do the losses change for an ideal OLED, i.e. a = 0, ηrad = 1, ηST = 1 and
γ = 1? First of all, the EQEs are generally higher due to horizontally aligned dipoles
and no radiative losses. However, the maximum ηEQE is still below 40 %, because now
the refractive index ñEML of the EML is most severally limiting the EQE. The sum of
the photons that reach the air and the substrate is more than 60 %, but only in the first
order. Furthermore, there is still a relatively high fraction of WG modes, especially for
thick ETLs. The coupling to SPP modes is strongly reduced due to the emitting dipole
alignment. Lastly, the absorption increases to 10 %. The resulting EQE optimization
strategies are discussed in Section 6.2.
The next section introduces light outcoupling structures, which aim to extract trapped
photons from the OLED.
Light Outcoupling Structures: State of the Art
The previous section has shown that even for ideal OLED parameters (a, ηrad, ηST, γ),
the EQE is at best around 40 %. The absolute value depends on the refractive indices,
other calculations show EQEs up to 46 % [84, 85]. But in any case, a significant fraction
of photons remains trapped within the cavity. The major losses χ consist of organic
waveguided χWG, substrate χsub and evanescent losses χSPP [18, 86].
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Since the beginning of OLED research, light outcoupling structures have therefore
been investigated to increase the usable fraction of photons. There is an enormous
variety of light outcoupling structures. They might be generalized as a purposeful
modification of the light path by any means of stack geometry or layer morphology.
A way of grouping them is to distinguish between so-called external and internal light
outcoupling structures as displayed in Figure 2.18.
External light outcoupling structures are attached to the outermost glass surface.
Thus, they are easy to apply and more importantly they do not alter electric driv-
ing conditions. A drawback is that they only can extract the substrate losses χsub.
This happens for instance through redirecting light rays by structures which are large
compared to the emitted wavelength. Typical examples are substrates with special
shapes or surfaces [87–90] or attached (micro-)lenses [91–95]. Another possibility is to
use structures whose dimension are in the wavelength range. This diffracts the light
and changes the direction of propagation, which can be done with layers containing
scattering particles [96–98].
Internal light outcoupling structures are located inside the OLED. Often they modify
the morphology of the functional layers. Although, the electrical functionality must be
ensured, the internal structures can in principle extract all modes from χsub, χWG and
χSPP. The internal structures can be realized between the substrate and anode, inside
the anode or on top of the anode. The organic layers may follow a given corrugation of
the anode and hence the full stack becomes corrugated. In fact, a structured cathode
is required for extraction of evanescent SPP modes. Some internal light outcoupling
structures show periodic characteristics leading to diffraction [99–104]. However, pe-
riodicities lead to pronounced sharp peaks in the emission spectrum and therefore to
unwanted color distortion. To prevent this, random structures can be used [105–109].
High refractive index glass substrates can also be used to reach extraordinary high
efficiency [92, 110]. The refractive index mismatch between organic layers and sub-
strate is reduced and much more light already enters the substrate, which then can be
extracted with external structures [111, 112]. Here, the distinction between external
and internal light outcoupling structures becomes blurry. Despite the high efficiency,
high costs of high refractive index glasses exclude an economic use so far.
The most promising solutions are combinations of external- and internal light out-
coupling structures. With such a combination recently an EQE of 78 % could be
achieved [113]. The combination of horizontally emitting dipoles with external scat-
tering layers is also highly promising. It avoids electrical issues, enables an easy pro-
ducibility and is upscalable. Here, recently EQEs of up to 56 % were reported [114].
Planar With Light Outcoupling 
Internal
External
Figure 2.18: Application of light outcoupling structures to bottom-emitting OLEDs.
External structures are attached from the outside and can extract only
substrate losses χsub. Internal structures are realized within the cavity
and they can extract photons from χsub, χsub and χSPP.
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3 Introduction of Materials and
Experimental Methods
This chapter provides the technical information of this work. First the used
materials and their properties are summarized. Then, the sample preparation
and characterization are presented.
3.1 Used Materials
This section presents the materials that are used for experiments and optical simula-
tions. The materials long names can be found in the List of Materials. All organic
materials are sublimed before processing to increase the purity. The Table 3.1 summa-
rizes the energy levels and glass transition temperatures.
Figure 3.1 shows molecular structures of the blocking materials BAlq2 (Sensient
Imaging Technologies GmbH) and Spiro-TAD (Luminescence Technology Corp.).
Figure 3.2 shows the host materials CDBP (Luminescence Technology Corp.), NPB
(Sensient Imaging Technologies GmbH), MADN (Luminescence Technology Corp.) and
DPEPO (Luminescence Technology Corp.).
N
N N
N
Figure 3.1: Molecular structures of the HBL BAlq2 and the EBL Spiro-TAD.
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Figure 3.2: Molecular structures of the hosts CDBP, NPB, MADN and DPEPO.
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Figure 3.3 shows the HTL materials Spiro-TTB (Luminescence Technology Corp.),
BF-DPB (TCI Deutschland GmbH), CzSi (Luminescence Technology Corp.), TCTA
(Sensient Imaging Technologies GmbH), TAPC (TCI Deutschland GmbH/Luminescence
Technology Corp.), the p-dopant F6-TCNNQ (Novaled GmbH) and the ETL materi-
als TPBi (Luminescence Technology Corp.), BPhen (TCI Deutschland GmbH) and
B3PYMPM (Luminescence Technology Corp.).
F6-TCNNQ
TPBi
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Si Si
B3PYMPM
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Figure 3.3: Molecular structures of the HTL materials Spiro-TTB, BF-DPB, CzSi,
TCTA, TAPC, the p-dopant F6-TCNNQ and the ETL materials TPBi,
BPhen and B3PYMPM.
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Figure 3.4: Molecular structures of the phosphorescent emitters Ir(MDQ)2(acac),
Ir(ppy)2(acac), Ir(ppy)3 and FIrpic, the fluorescent emitter TBPe and
the TADF emitters 5CzCF3Ph, 4CzIPN and Iso-DMAC-PTO.
Figure 3.4 shows the emitter materials Ir(MDQ)2(acac) (Luminescence Technol-
ogy Corp.), Ir(ppy)2(acac) (Luminescence Technology Corp.), Ir(ppy)3 (Luminescence
Technology Corp.), FIrpic (American Dye Source, Inc.), TBPe (Luminescence Tech-
nology Corp.), 5CzCF3Ph (synthesized at IAPP by Ramunas Lygaitis), 4CzIPN (syn-
thesized at IAPP by Ramunas Lygaitis) and Iso-DMAC-PTO (synthesized at IAPP by
Ramunas Lygaitis).
Figure 3.5 show the PL spectra SPL(λ) of the emitter molecules that are used for
optical simulations. Figure 3.6 displays the refractive indices n and extinction coeffi-
cients κ. The data of the materials is gathered from an internal database at IAPP.
The electrode materials are ITO (Thin Film Devices Inc.), Al (Kurt J. Lesker Com-
pany Ltd.) and Ag (Kurt J. Lesker Company Ltd.). Injection layers are used for
OLEDs without doped charge transport layers, i.e. MoO3 (Sigma-Aldrich Corp.) for
the hole and LiF (Sigma-Aldrich Corp.) for the electron side, respectively.
The ITO is already prestructured by Thin Film Devices Inc. on 1.1 mm thick glass
substrates (Eagle XG). See also Figure 2.7 for the ITO layout. The substrates are
cleaned with n-methyl-2-pyrrolidon (NMP), distilled water and ethanol. Before the
OLED fabrication, the ITO is treated with O2 plasma, which reduces the work function
to about -4.8 eV [115], which improves charge injection and OLED performance [116].
The ITO thickness is 90 nm, the sheet resistance is about 26 Ω/ and the average
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transmission through ITO and glass is 84.3 % [75]. Note, that the average transmission
of the glass is about 92 %.
The reflectivity of Al and Ag reaches 90 and 95 % with work functions of -4.3 eV [75].
Thin (< 10 nm) and homogeneous Ag layers can also be achieved using seed layers of
Au for highly transparent (Tpeak ≈ 80 %) electrodes [117–119].
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Figure 3.5: PL spectra of the emitter molecules used for the experiments and optical
simulations. The line colors render the perceived color of the spectrum.
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Figure 3.6: Refractive indices n (solid lines) and extinction coefficients κ (dashed lines)
of the used materials. The data is from an internal database at IAPP.
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Table 3.1: Properties of used materials. Note, that the values only serve as orientation,
because they depend on the determination method.
Material HOMO (eV) LUMO (eV) S1 (eV) T1 (eV) Tg (°C)
Transport materials
Spiro-TTB -5.2 [120] -1.9 [120] - - 146 [121]
BF-DPB -5.4 [122] -2.38 [122] - - 121 [122]
TAPC -5.8 [123] -2.4 [123] 3.35 [75] 2.87 [124] 79 [123]
TCTA -5.9 [125] -2.7 [125] 3.20 [75] 2.85 [126] 150 [127]
CzSi -6.0 [128] -2.5 [128] - 3.02 [129] 131 [128]
TPBi -6.3 [75] -2.8 [75] 3.20 [75] 2.64 [130] 122 [51]
BPhen -6.5 [75] -2.9 [75] 3.21 [75] 2.50 [130] 62 [131]
B3PYMPM -6.77 [132] -3.2 [132] - 2.68 [132] -
F6-TCNNQ -7.81 [133] -5.37 [133] - - -
Blocking materials
Spiro-TAD -5.4 [134] -2.3 [134] 3.06 [75] - 133 [121]
BAlq2 -6.1 [75] -3.2 [75] 2.51 [75] 2.31 [135] 92 [131]
Host materials
CDBP -5.4 [128] -2.3 [128] - 3.00 [128] 109 [136]
NPB -5.5 [123] -2.5 [123] 2.81 [75] 2.29 [124] 96 [123]
MADN -5.5 [75] -2.6 [75] 2.74 [75] - 129 [136]
DPEPO -6.1 [137] -2.0 [137] - 3.10 [138] 97 [136]
Emitter materials
Ir(MDQ)2(acac) -5.4 [75] -2.8 [75] 2.39 [137] 2.13 [137] -
Ir(ppy)2(acac) -5.6 [130] -2.6 [130] - 2.38 [75] -
Ir(ppy)3 -5.2 [125] -2.8 [125] 2.60 [139] 2.42 [124] -
FIrpic -5.8 [130] -2.9 [130] - 2.61 [130] -
TBPe -5.3 [75] -2.3 [75] 2.70 [75] - -
5CzCF3Ph -5.6 [137] -2.8 [137] 2.90 [137] 2.80 [137] -
4CzIPN -5.8 [140] -3.12 [132] 2.4 [140] 2.31 [141] -
Iso-DMAC-PTO1 -5.0 [142] -1.4 [142] 2.69 [142] 2.67 [142] -
1 Determined by DFT calculations.
3.2 Sample Preparation
The organic layers are prepared by thermal evaporation, which is one technique of PVD,
see Figure 3.7. The materials are filled in crucibles and placed in a single evaporation
chamber (Kurt J. Lesker Company Ltd.). The chamber operates under Ultra High
Vacuum (UHV) at a pressure of 10−7 to 10−8 mbar. Up to 11 crucibles for organic
material and three for metals can be used. Electrical heating of the crucibles leads to
evaporation of material vapor that condensates on the 6′′ x 6′′ substrate. To improve the
layer thickness homogeneity the whole substrate rotates during evaporation. The rates,
and thus the thicknesses, are monitored with calibrated Quartz Crystal Microbalances
(QCMs). The multi-layer stack is obtained by successive depositions. Doping can be
done by co-evaporation of multiple materials. Masks in front of the substrate are used
to define layer geometries, see also Figure 2.7 (a). A wedge tool enables a restriction
of the deposition on certain rows and columns. After fabrication, the OLEDs are
encapsulated in nitrogen atmosphere with a glass lid (AMGTECH Korea).
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6' x 6'   Substrate
Mask
Crucible
Evaporation cone
QCM
Figure 3.7: Sketch of the organic layer preparation by thermal evaporation. The sub-
strate rotates to improve layer thickness homogeneity. Halogen lamps
located above the substrate can be used to heat the substrate.
The substrate can be heated by radiant heating with halogen lamps that are located
above at each corner of the substrate. The substrate temperature Tsub is determined
with a calibration procedure that is performed occasional when the lamp arrangement
changes2. Therefore, the temperature is measured at 9 positions that reflect the sym-
metry of the whole substrate. Those temperatures are then compared to a permanently
installed sensor for temperature calibration during the OLED fabrication.
The average temperature calibration curve is displayed in Figure 3.8 (a). Uncertain-
ties are estimated from statistical deviations between the substrate positions (S00, S01,
...) and from the used thermocouple (Type K). Note that the temperature distribu-
tion is not even across the substrate. Figure 3.8 (b) shows that targeted temperatures
are lower towards the substrate corner. This leads to additional uncertainties when
averaging OLED data over rows or columns.
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Figure 3.8: Calibration of the substrate heating. (a) Temperature at the substrate
over the temperature of a permanently installed sensor that is used dur-
ing OLED fabrication. The average calibration curve is taken for deter-
mination of Tsub and its uncertainty. (b) Temperature differences within
a quarter of the substrate. The temperature is lowest in the corner, which
is attributed to the lamp position that is indicated with the gray circle.
2The calibrations have been done by Andreas Wendel and Tobias Günther.
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3.3 Sample Characterization
The measured OLED quantities are usually subject to a certain data scattering, even
for simultaneous fabricated samples that are positioned side by side. Therefore, if
possible, averages are made over samples that are theoretically identical. Note that the
variations from fabrication are often greater than the measurement uncertainty. If not
stated otherwise, the error-bars correspond to 2σ and are solely calculated from sample
variations. The student-t-distribution is further considered to account for low number
of samples. Since many different devices are fabricated in the machine (OLEDs, solar
cells, transistors, ...), a run to run comparison is only possible with reservations. The
EQE can deviate by ±2 % for identical runs produced within months or years.
Standard OLED Characterization
The jVL-curves of the OLEDs are measured with an automated measurement system
(Novaled GmbH). A Source Measurement Unit (SMU) (SMU 2400, Keithley Instru-
ments Inc.) measures the electrical current I while the voltage V is gradually increased.
Light emission is detected with a Si-Photodiode and calibrated with a charge-coupled
device (CCD) spectrometer (CAS 140 CT, Instrument Systems GmbH) to calculate
the luminance L. Translation motors enable positioning and automatic measurement
of up to 144 diodes on the 6′′ x 6′′ substrate. In this setup the efficiencies are calculated
under Lambertian assumption, see Section 2.3 for the equations.
An integrating sphere (LMS-100, Labsphere Inc.) is used to correct the efficiencies
for real angular emission characteristics. Therefore, the large substrate is cutted to
1′′ x 1′′ substrates with four diodes each. The small substrates are placed in a white
holder that blocks edge emission. A spectrometer (CDS-600, Labsphere Inc.) and SMU
(SMU 2400, Keithley Instruments Inc.) are used for data acquisition.
To measure the angular resolved spectral radiant intensity I(λ, ϑ), a custom-made
goniometric setup can be used. The samples are mounted in a rotating holder. A
laser is used to align the center of rotation of the luminous diode with the optical
axis. A spectrometer (USB4000, Ocean Optics) records the spectral irradiance that is
proportional to the radiant intensity.
The OLED lifetime, i.e. the time it takes to reach a defined fraction of the initial lu-
minance, can be recorded with automated measurement system (Novaled GmbH). The
1′′ x 1′′ substrates are place into dark boxes, the diodes are driven at constant current
and photodiodes record the luminance every 600 s. For short lifetimes, a custom-made
setup can be used with a SMU, a luminance & colour meter (CS-100A, Konica Minolta
Holdings K.K.) and a multi-tool measurement software (SweepMe!, Axel Fischer und
Felix Kaschura GbR).
Photophysical Characterization
The PLQY is measured according to the method of DeMello et al. [143]. It consists of
three measurements in an integrating sphere (LabSphere): First with an empty sphere
to characterize the excitation source (M340L4, Thorlabs GmbH) and then indirect and
direct excitation of the sample. This method accounts for the self-absorption, light
scattering and anisotropic emission of thin films. The spectra are recorded with a CAS
140 CT spectrometer (Instrument Systems GmbH). To avoid oxygen quenching, the
sphere is flushed with nitrogen during measurements. The samples are produced on
quartz glass to prevent additional absorption of the substrate.
Two setups are available for photoluminescent decay measurements of OLEDs or
PL samples: A simple setup with a pulsed nitrogen laser (MNL 202-C/ATM 200, LTB
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Lasertechnik Berlin GmbH) and an advanced Time-Correlated Single Photon Counting
(TCSPC) setup.
The nitrogen laser operates at 337 nm with a pulse time of 1.3 ns. A metal mask
in front of the OLED ensures excitation to be only within the active area, so that the
correct Purcell factor is considered. The excitation light is guided in a 400 µm fiber and
then collimated towards the OLED (4 mm Aperture UV/VIS Fiber Optic Collimator,
SMA; Edmund Optics GmbH). The photoluminescence response is recorded with a Si-
amplified photodetector (PDA100A-EC, Thorlabs GmbH). Lenses and long-pass filters
are used to increase the signal and filter residual fluorescence.
In the TCSPC setup, ten bursts of a laser diode (LDH-D-C-37, PicoQuant GmbH)
with 375 nm and pulse width of < 100 ps excite the sample. A monochromator (Spec-
traPro HRS-300, Princeton Instruments) enables to select the phosphorescence peak
that is guided to a photomultiplier tube (PMA Hybrid, PicoQuant GmbH). The signal
is read by a TCSPC board (TimeHarp 260, PicoQuant GmbH).
Morphology Characterization
For surface morphology investigation an Atomic Force Microscopy (AFM) is avail-
able (Combiscope 1000, AIST-NT Inc.). Here, a oscillating sharp tip (TAP300Al-G,
NanoAndMore GmbH) moves across the surface with a piezo scanner. While scanning,
the tip oscillation will be influenced by local forces of the surface. With optical detec-
tion of the oscillations and a feedback loop, the surface morphology can be mapped.
For further details, the reader is referred to Reference [144].
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4 Improving OLEDs with Stable
Vapor-Deposited Glasses
This chapter investigates how stable vapor-deposited glasses affect OLED per-
formance. Therefore, at least one organic layer is deposited under condi-
tions that allow them to form stable glasses. The chapter follows a top-down
approach to search microscopic reasons for the macroscopic observations in
OLEDs. Some of the results are published in [21, 145].
4.1 Phenomenology of OLEDs with Phosphorescent and
TADF Emitters
It has been shown that organic glasses can have exceptional stability when deposited
at substrate temperatures Tsub around 80-90 % of the conventional glass transition
temperature Tg [32, 33]. The glass stability studies are usually conducted with only
one organic layer on a substrate. In contrast, an efficient OLED contains about five
organic layers plus two electrodes, which complicates experiments and conclusions.
Therefore, a simple OLED stack is chosen for the study. Figure 4.1 sketches the
tested OLED from Meyer et al. [146], which is highly efficient despite its simplic-
ity. Substrate heating to 65 ◦C during EML and ETL deposition enhances the EQE
of OLEDs with four phosphorescent emitters: For the green emitters, Ir(ppy)3 and
Ir(ppy)2(acac), for which the energy levels are optimal, but also for the red and blue
emitter Ir(MDQ)2(acac) and FIrpic. The green TADF emitter 4CzIPN, on the other
hand, gains no efficiency. Remarkably, the substrate heating does not only improve the
EQE but also the device lifetime. The performances are summarized in Table 4.1.
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Figure 4.1: OLED stack for testing stable glass formation. The EQE increases by
substrate heating during TPBi deposition. Tsub ≈ 65 °C corresponds to
Tsub/Tg = 0.85 for TPBi. The Table 4.1 lists used concentrations cem,
thicknesses dETL/dHTL and achieved EQEs and lifetimes LT70.
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Table 4.1: OLED performance for RT and Tsub/Tg = 0.85 for TPBi. The EQEs and
lifetimes LT70 are given for 100 cd/m
2 and 1000 cd/m2, respectively.
Emitter cem (wt%) dETL/dHTL (nm) EQE (%) LT70 (h)
RT 0.85Tg RT 0.85Tg
Ir(ppy)2(acac) 8 60/64 19.4 24.0 14.8 74.2
Ir(ppy)3 10 60/64 17.9 21.8 59.0 110.0
Ir(MDQ)2(acac) 10 70/90 10.1 11.6 10.2 22.3
FIrpic 10 35/40 1.6 4.2 - -
4CzIPN 5 60/60 9.0 8.7 0.8 1.3
In the following, first one phosphorescent and then one TADF emitter are dis-
cussed in more detail. The highest EQEs are achieved with the phosphorescent emitter
Ir(ppy)2(acac). To investigate the origin of the improvement, more OLEDs have been
produced with finer temperature steps. Figure 4.2 compares the stability parameters
of TPBi and the OLED performance as function of the substrate temperature.
Figure 4.2 (a) displays the onset and fictive temperature, Ton and Tf , as measure of
kinetic and thermal stability of pure TPBi layers1. They both have extrema close to
Tsub/Tg = 0.85 indicating the TPBi has the ability to form a stable glass by PVD.
Note, that the highest Ton = 182 °C of TPBi is 60 °C higher than the Tg = 122 °C.
That means a TPBi glass made by PVD can endure much higher temperatures before
turning into a supercooled liquid compared to a conventionally produced glass.
To process the TPBi also in the OLED as stable glass, the substrate is heated during
its deposition. The temperature Tsub is therefore varied from RT to 90 °C in 6 steps
during EML and ETL deposition. This range corresponds to Tsub/Tg = 0.77 ... 0.92
and encloses the TPBi stability extrema. Note, that the highest Tsub is still much
lower than the Tg = 151°C of TCTA that is already deposited when the substrate is
heated. Its unknown if the oxides, ITO and MoO3 have glass transitions, but so far no
significant influence through the heating could be assigned to them.
Figure 4.2 (b) shows the EQE and LE at 100 cd/m2 for the emitter Ir(ppy)2(acac).
From RT to 68.8 °C the EQE increases from 19.4 % to 24.0 % and the LE from 62 lm/W
to 86 lm/W. That corresponds to an relative enhancement of +24 % and +39 %, respec-
tively. The values then decrease towards 90 °C, but remain higher than for the initial
RT. Note, that the efficiencies peak where highest kinetic stability of TPBi is found.
Figure 4.2 (c) shows the constant current lifetimes LT70 at 1,000 and 10,000 cd/m
2.
The values are extra- and interpolated with Equation (2.21) from measurements at 5,
10 and 20 mA/cm2. Already the first temperature step results in strongest lifetime
improvement. From RT to 46 °C the LT70 increases from 14.8 to 74.2 h (x 5) and from
0.35 to 0.85 h (x 2.4) for 1,000 and 10,000 cd/m2. In contrast to the EQE, the LT70
peaks roughly where the thermal and not the kinetic stability is highest.
In conclusion, Figure 4.2 suggests a correlation between TPBi stability and OLED
performance. Both were improved by substrate heating during codeposition of TPBi
and Ir(ppy)2(acac). The highest EQE and LT70 are obtained for highest kinetic and
highest thermal stability, respectively. Whether there is indeed a causality between
stability and performance still has to be investigated. One challenge is the stability
determination of TPBi inside the OLED. Another problem is that temperature treat-
ment might induce unforeseen and highly material depended effects, e.g. decreased hole
and electron mobilities [48] or changed optical constants [43]. Those could counteract
improvements and complicate the conclusions.
1The stability measurements have been performed by Joan Ràfols-Ribé at UAB.
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Figure 4.2: Approximate correlation between TPBi stability and OLED performance
with Ir(ppy)2(acac) doped into TPBi. (a) Onset temperature Ton and fic-
tive temperature Tf of the organic glass layer TPBi. For Ton, Tf definitions
see Figure 2.6. The green area spans between the stabilities extrema that
are found at around Tsub/Tg = 0.85. (b) EQE and LE at 100 cd/m
2 of
OLEDs peak approximately at the maximum of Ton (c) The lifetime LT70
of OLEDs peaks approximately at the minimum of Tf .
Now, the investigation moves from the phosphorescent to the TADF emitter 4CzIPN.
The same slightly adjusted stack is studied, but Figure 4.3 shows no correlation between
TPBi stability and OLED performance. The EQE stays almost constantly at 9 % over
the entire temperature range. There might even be a small minimum where TPBi is
supposed to be most stable. The lifetime LT70, although being short, increases with
Tsub, but peaks only after the assumed most stable temperature range.
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Figure 4.3: EQE and lifetime of the OLEDs with the TADF emitter 4CzIPN. The
TPBi stability and the OLED performance do not correlate unlike before.
The inset shows forward emission spectra for two temperatures.
The inset of Figure 4.3 shows residual TPBi fluorescence that hampers the perfor-
mance. The chosen stack is therefore not suited to be used with 4CzIPN. Although the
TPBi emission decreases with substrate temperature, it does not vanish completely.
In literature, OLEDs with 4CzIPN can yield EQEs in the range of 20-30 % [26, 132,
140, 141]. This requires a careful selection of transport materials, hosts or mixed host
systems. However, none of the stacks from literature fulfill the requirements for the
substrate heating experiments. First, the hole side must be temperature stable as it
must endure all heating steps. For example the HTL and EBL must have a high of
Tg & 120 °C. Second, the host Tg should lie in between 110 and 150 °C so that the
temperature variation encloses the assumed stability maximum at Tsub/Tg ≈ 0.85.
The additional TPBi emission can be avoided when the ETL is made of B3PYMPM
instead of TPBi. But further heating experiments with the new ETL could not find such
a clear correlation like in Figure 4.2 again, neither for TPBi nor for CDBP as host [147].
That questions the general applicability of OLED improvement with stable vapor-
deposited glasses. Therefore, the next section is dedicated to simplify the experiments.
4.2 Searching for the Origin of Improvements with
Optical Characterizations
The previous section has shown that OLED performance can be improved though
formation of stable vapor-deposited glasses. However, a transfer of the findings from
the initial studied stack with phosphorescent emitters towards TADF OLEDs is not
straight forward. The origin of the enhancement must therefore be understood on
microscopic scale. In the following, PL samples and OLEDs are examined to track
down the enhancements found for Ir(ppy)2(acac). The goal is to find simple experiments
that enable efficient screening of material(-combinations) that are promising towards a
generalization of the fabrication concept.
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Impact on EQE
from substrate heating
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Neutral
Figure 4.4: A preview of the origins for EQE improvement achieved through stable
glass formation with the phosphorescent emitter Ir(ppy)2(acac). The pa-
rameter discussion is found in the main text.
The factorial EQE Equation (2.17) from Section 2.3 is the starting point of the
investigation. As a reminder, it is displayed at top of the pyramid in Figure 4.4. Each
factor represents a partial efficiency that is further dependent on material and device
parameters. This segmentation helps simplify the search for the causes of improvement.
In the following, the influence of each factor is discussed mainly but not exclusively for
Ir(ppy)2(acac). The spin factor ηST is assumed to be 1 and excluded as cause, because
the Iridium in the studied emitters enables strong phosphorescence [11, 148].
Probing Photoluminescent Samples
In the following, PL samples are investigated that were produced at different substrate
temperatures. They are used to examine the emitter anisotropy a and the PLQY.
Figure 4.5 (a) shows the results from the anisotropy investigation that exclude the
light outcoupling factor ηout as cause of EQE improvement. The ηout even counteracts
the EQE enhancement, because it decreases by -2.06 % towards the highest Tsub. For its
determination, first, samples with 50 nm of TPBi:Ir(ppy)2(acac) are produced, which
imitate the EML in the OLEDs. Then, angular resolved PL and ellipsometry measure-
ments were performed2, from which the anisotropy a and the complex refractive index
ñ are determined.
Figure 4.5 (b) depicts an increasing contribution of vertical emitting dipoles towards
higher substrate temperatures. Consequently, the anisotropy a increases, in agreement
to literature [38], which in turn reduces the light outcoupling in the OLEDs. The ηout
is determined by putting a into optical simulations of the OLED stack.
Now, further influences on ηout are briefly discussed. Figure 4.5 (c) shows a drop of
the refractive index by ∆n(λ) = -0.2 ... 0.3 from 30 to 100 °C. That leads to a maximum
deviation of ∆ηout = −0.35 % according to optical simulations. The minus sign indi-
cates that the outcoupling factor decreases, because the changes move the OLED away
from the simulated optimum. Estimated thickness changes of stable glasses through
a typical density increase ∆ρ with 1-2 % results in ∆ηout < −0.12 %. Layer thickness
uncertainties during processing of ±10 % result in ∆ηout < −1.24 % which is larger
than the influence of ∆n or ∆ρ. The found decrease of the outcoupling factor ηout by
about -2 % therefore results mainly through increasing vertical emitter alignment. All
of these changes are in contrast to the observed EQE increase of +4.6 %.
2The angular resolved PL measurements, ellipsometry measurements and the anisotropy determi-
nation has been done by Christian Hänisch.
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Figure 4.5: Optical properties of PL samples made of 50 nm TPBi:Ir(ppy)2(acac)
(8wt %) on glass. (a) The outcoupling factor ηout decreases through in-
creasing anisotropy factor a. (b) Example of the angular resolved PL
measurements that were used to determine a. (c) The refractive index n
and extinction coefficient κ for lowest and highest substrate temperature.
Next, the effective radiative efficiency η∗rad is investigated as cause of EQE enhance-
ment. As reminder, η∗rad is the ratio of the radiative rate F Γr over all rates F Γr + Γnr
of excited states within an optical cavity with F being the Purcell factor. The related
effective lifetime τ∗ can be written as
τ∗ =
1
F Γr + Γnr
. (4.1)
For F = 1, the emitter behaves like in vacuum, F > 1 enhances and F < 1 suppresses
spontaneous emission. That η∗rad is considered as one possible cause of EQE enhance-
ment at all, arises from τ∗ measurements of the OLEDs from Section 4.1. The OLEDs
were excited with an UV-laser and it was found that τ∗ increases for higher substrate
temperatures. From RT to Tsub/Tg ≈ 0.85, the changes are +8 % for Ir(ppy)2(acac),
+15 % for Ir(ppy)3, +17 % for Ir(MDQ)2(acac) and +29 % for FIrpic [21]. It is therefore
assumed that the rates and hence η∗rad change, which suggest a change of PLQY.
Figure 4.6 shows PLQY measurements of PL samples to further investigate η∗rad.
Figure 4.6 (a) presents samples that imitate the pure EML of the OLEDs. The PLQY
values at RT (30 °C) are reasonable considering that TPBi is usually only a host for
green emitters. At 65 °C the PLQY for Ir(ppy)3 slightly increases, but it stays be-
low the expectations that are calculated by multiplying the RT PLQY with the EQE
enhancement factor. It remains unclear whether the PLQY is simply not affected by
the stable glass formation or whether TPBi did not form a stable glass at all due to
different growth conditions compared to the OLED.
For the second set of samples in Figure 4.6 (b), the HTL and ETL are added to
better imitate the OLED growth conditions. The reference PLQYs are now drastically
decreased due to additional fluorescence of TPBi and/or TCTA. Here, Ir(MDQ)2(acac)
and Ir(ppy)2(acac) show minor improvements, but Ir(ppy)3 remains unaffected. Again,
the impact from substrate heating stays below the expectations. Note, that the cal-
culated expectations are oversimplified with a Purcell factor of F = 1. Before further
discussing changes induced by F , an interim summary of partial efficiencies is given.
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Figure 4.6: The PLQYs of PL samples remain below expectations to explain the im-
provements of the EQE. (a) PL samples that mimic the EML of the
OLEDs, but slightly thicker. (b) PL samples with adjusting the grow
conditions by adding HTL and ETL. Additional fluorescence reduces the
overall PLQY values. The expectations are calculated by multiplying the
RT (30 °C) PLQY with the EQE enhancement factor of the corresponding
OLEDs. Note, that this is a simplification.
Table 4.2 summarizes the partial efficiencies ηout and η
∗
rad to estimate how γ would
have to be to explain the measured EQE. It is done for the emitters Ir(MDQ)2(acac),
Ir(ppy)3 and FIrpic. For each stack, ηout and F are simulated from a, Dn, Ñn and z0.
The η∗rad is calculated from F and the measured PLQY. It is assumed, that the heating
to 65°C does not significantly change neither a nor F . This might be a vague assump-
tion. But at least for Ir(ppy)2(acac), the Figure 4.5 shows that the strongest change of
a happens only after 60-70°C. F is further a function of Dn and Ñn whose changes were
previously estimated to be minor. The Table 4.2 reveals that for Ir(MDQ)2(acac) and
FIrpic an increased electrical efficiency γ could explain the found EQE improvements,
since the PLQY stays approximately constant. However, for Ir(ppy)3 a γ > 100 % would
be needed, so that it is questionable whether the PLQY measurements truly mirror the
substrate heating impact of the OLEDs. It is interesting to note that for Ir(ppy)3, a
good agreement to the experimental EQE could be achieved with ηout = 22 % and a
theoretical ideal η∗rad = 100 %.
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Table 4.2: Estimation of γ that would be needed to match the factorial ηEQE with
experimental EQE at 100 cd/m2 with ηST = 1. The ηout and η
∗
rad are
determined from combining experiments and simulations. Values with (?)
are transferred from RT to 0.85 Tg. Values with (!) are contradictory.
Emitter Ir(MDQ)2(acac) Ir(ppy)3 FIrpic
Tsub RT 0.85Tg RT 0.85Tg RT 0.85Tg
a 0.24 [62] 0.24 ? 1/3 [62] 1/3 ? 0.22 [149] 0.22 ?
F 1.39 1.39 ? 1.45 1.45 ? 1.38 1.38 ?
PLQY (%) 48.5 48.6 76.2 79.8 36.2 34.3
Exp. EQE (%) 10.1 11.6 17.9 21.8 1.6 4.2
ηout (%) 26.2 26.2 ? 22.0 22.0 ? 20.8 20.8 ?
η∗rad (%) 56.7 56.8 82.3 85.1 43.9 41.9
ηoutη
∗
rad (%) 14.8 14.9 18.1 18.7 9.1 8.7
γ (%) 68.2 77.9 98.9 116.5 ! 17.6 48.3
As mentioned, the optical cavity can change the rates of emitter molecules which is
described with the Purcell factor F . In the following, its is therefore investigated how
PLQY expectations change when F is considered.
Figure 4.7 (a) shows the procedure to calculate PLQY expectation when EQE im-
provement would only result from η∗rad enhancement. First, the PLQY of RT samples
is measured and used to extract the vacuum PLQY. It is assumed that the cavity influ-
ence on the PLQY can be modeled in the same way as for the OLED, i.e. by replacing
ηrad with the PLQY in Equation (2.27). The vacuum PLQY is further assumed to be
equal to ηrad, which is enhanced through the OLED cavity to η
∗
rad. Next, the EQE
enhancement factor is transferred to the effective radiative efficiency ratio of RT and
Tsub = 0.85Tg OLEDs. From then on, the calculation is performed in reverse order for
the heated samples that are indicated with subscripts of ’0.85’.
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Figure 4.7: The optical cavity must be considered for radiative efficiency determina-
tion. (a) Pathway to calculate PLQY expectations from EQE enhance-
ment. Here, η∗rad is assumed to be the only cause for enhancement and the
Purcell factors of PL and OLED samples are considered. The description
is given in the main text. (b) A Purcell factor of F < 1 for PL samples
would lead to underestimation of η∗rad in OLEDs by ∆.
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There is a noteworthy issue with PLQY measurements of thin films. Although,
the used method for PLQY determination considers waveguiding, emitter anisotropy
and reabsorption [143], it is unclear whether the Purcell factor F has an influence on
the measurement. A calculation of F for PL samples is difficult due to completely
different excitation of PL samples and OLEDs. The spontaneous emission in OLEDs
comes typically only from a thin plane. In PL samples, however, the whole layer
is excited with decreasing Lambert–Beer intensity depending on the absorption. As
result, a superposition of many excitation planes must be calculated that consider
the excitation profile. A highly simplified estimation leads to F ≈ 0.6 for 50 nm of
TPBi:Ir(ppy)2(acac) on glass. Here, only one infinitely thin excitation is placed on top
of the layer.
Figure 4.7 (b) illustrates the difference a Purcell factor of F = 0.6 for PL samples
can make. Suppose a PLQY∗ of 50 % is measured. Now consider two examples, first,
with FPL = 0.6 the vacuum PLQY is actually more than 60 % (1). That value plugged
into an OLED with FOLED = 1.5 results in η∗rad ≈ 70 %. For the second case, with
FPL = 1.0 there is no change to the vacuum PLQY, which is commonly assumed
in literature. However, the enhancement through the OLED cavity yields now only
η∗rad = 60 % (2). This demonstrates that calculation with partial efficiencies can go
wrong when PL samples are influenced by the Purcell effect. An experimental PLQY
study with various thicknesses and substrates might clarify this issue.
Table 4.3 shows exemplary calculations for the expected PLQY values according to
Figure 4.7. The considered Purcell factors for the PL samples are, 0.6 and 1.0, respec-
tively. It is further assumed that the substrate heating does not change F for either the
PL samples or the OLEDs. The calculation suggest that the EQE enhancement can def-
initely not be explained by pure η∗rad improvement for FIrpic, because at Tsub = 0.85Tg
the radiative efficiency would need to be greater than 1. For Ir(ppy)3 it would just
be possible within uncertainties when FPL = 1.0. The Table 4.3 further shows that
the simple enhancement expectation of Figure 4.6 is even slightly underestimated for
Ir(MDQ)2(acac). However, the PLQY measurements do not come close to any of the
expectations.
Table 4.3: Example of PLQY expectation calculation according to Figure 4.7. Values
with (!) are contradictory and point to an improvement of γ.
Emitter Ir(MDQ)2(acac) Ir(ppy)3 FIrpic
PLQY∗RT (%) 48.5 48.5 76.2 76.2 36.2 36.2
FPLRT 1.0 0.6 1.0 0.6 1.0 0.6
PLQYRT = ηrad,RT (%) 48.5 61.1 76.2 84.2 36.2 48.6
FOLEDRT 1.39 1.39 1.45 1.45 1.38 1.38
η∗rad,RT (%) 56.7 68.6 82.3 88.6 43.9 56.6
EQE0.85/EQERT 1.15 1.15 1.22 1.22 2.63 2.63
η∗rad,0.85 (%) 65.1 78.8 100.2 ! 107.9 ! 115.3 ! 148.6 !
FOLED0.85 = F
OLED
RT 1.39 1.39 1.45 - - -
ηrad,0.85 = PLQY0.85 (%) 57.3 72.7 100 - - -
FPL0.85 = F
PL
RT 1.0 0.6 1.0 - - -
PLQY∗0.85 (%) 57.3 61.5 100 - - -
Complex PLQY expectation 57.3 61.5 100 - - -
Simple PLQY expectation 55.7 - 92.8 - - -
Measured PLQY 48.6 - 79.8 - - -
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The investigation of the PL samples could not complete clarify the origin of the EQE
enhancement. Measurements and theoretical considerations suggest a improvement of
the electrical efficiency γ and/or the effective radiative efficiency η∗rad. A common cause
is not found, since there are deviations between the used emitters. One problem is the
inability to check the glass stability at the IAPP. As result, it remains unclear whether
there is no significant PLQY improvement, although expected, or whether the TPBi
did not form a stable glass in the PL samples. The next section therefore goes back to
the analysis of OLEDs that showed EQE enhancement.
Probing OLEDs
The EQE improvement of the heated OLEDs is a direct indication for functionality
changes within the stack. It is therefore promising to study the OLEDs more closely.
The following subsection presents an analysis to estimate the transition rates Γr and
Γnr of the EML as function of the substrate temperature Tsub.
Although the PLQY of OLEDs cannot be measured, the related photoluminescence
decay time τ∗ can be detected, whose measurements are displayed in Figure 4.8. The
OLED EML is excited by UV-light and the photoluminescence response is recorded.
A mask ensures excitation only within the active area so that the influence from the
Purcell factor is considered correctly. The signal is overlapped with fluorescence of many
adjacent layers, but the time and wavelength difference allows to differentiate between
unwanted fluorescence and the phosphorescence of the emitter. The measurements are
performed for all OLEDs from Figure 4.2 with the emitter Ir(ppy)2(acac).
Figure 4.8 (a) shows that the PL decay gets longer with increasing substrate tem-
perature. This is consistent to observations for several phosphorescent emitters [21].
The determination of τ∗ for the present Ir(ppy)2(acac) is relatively arbitrary since the
decays are neither exponential nor bi-exponential. Here, τ∗ is defined by the time it
takes until the intensity I0 dropped to 1/e. I0 is chosen approximately where the de-
cays begin to deviate from each other. The temperature dependency of τ∗ is plotted in
Figure 4.8 (b). The time is continuously increasing what merely means that the sum of
all rates decrease. The error bars are calculated from multiple OLEDs and the plotted
spline just serves a guide for the eyes.
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Figure 4.8: Phosphorescence decay of OLEDs that are excited with the pulsed nitro-
gen laser. (a) Normalized phosphorescence decay and used τ∗ determi-
nation due to the non-exponential decays. (b) The decay time τ∗ over
substrate temperature Tsub. Note that the absolute values depend on the
determination method.
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Combining the Equations (2.17), (2.27) and (4.1) enables to calculate η∗rad, Γr and
Γnr. With γ = ηST = 1 they become
η∗rad(T ) =
ηEQE(T )
ηout(T )
= F Γr(T ) τ
∗(T ), (4.2)
Γr(T ) =
ηEQE(T )
F τ∗(T ) ηout(T )
, (4.3)
Γnr(T ) =
1
τ∗(T )
− F Γr(T ). (4.4)
For the calculation only the EQE, the outcoupling factor ηout and the effective decay
time τ∗ is needed. For Ir(ppy)2(acac) all were determined, see Figure 4.2, 4.5 and 4.8.
The Figure 4.9 (a) again summarizes all those quantities from which η∗rad, Γr and Γnr
are calculated according to Equations (4.2)-(4.4).
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Figure 4.9: Calculation of the temperature dependency of the effective radiative
efficiency η∗rad(T ) and its corresponding rates Γr(T ) and Γnr(T ) for
Ir(ppy)2(acac). (a) The prerequisites for the calculation are the mea-
sured EQE and τ∗ from OLEDs and simulated ηout from PL sample mea-
surements. Note, that the splines are used for further calculations. (b)
Calculated effective radiative efficiency η∗rad, radiative and non-radiative
rate Γr and Γnr, respectively. For all temperatures it is assumed that
γ = ηST = 1, F = 1.5.
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Figure 4.9 (b) shows that the effective radiative efficiency η∗rad peaks with 98 % at
around 70°C as already assumed for constant electrical efficiency γ. The Γr stays
relatively constant between 0.71 and 0.82 µs−1 with highest values at about 65°C.
Remarkably, Γnr drops by an order of magnitude from 0.205 to 0.025 µs−1 when the
temperature is increased from 46 to 70°C. Note that here the trends are more important
than the absolute values, because they depend on the τ∗ determination.
The reason for the reduced rate can only be speculated about: It could be fewer
exciton traps or suppressed non-radiative vibrational losses of the emitter in a more
rigid host. PL decay measurements of OLED with applied voltages could be studied
to investigate TPQ as cause of degradation. The rate estimation could be compared to
molecular dynamics simulations of stable glasses [150, 151]. It is promising to simulate
PVD growth of the stable TPBi glass with the emitters embedded.
Next, the electrical efficiency γ should be investigated, because there have been hints
that it increases by the stable glass formation, e.g. for FIrpic. The γ is proportional to
the ratio of generated excitons ñex over the current density j. The latter depends on
charge carrier densities ne/h and mobilities µe/h for electron and holes [72]. To check for
changes in TPBi, electrical experiments could be performed with single carrier devices,
i.e. time-of-flight or IV measurements for n-i-n samples. For NPB it has been shown
that both, the hole mobility and the electrical current peaks at Tsub/Tg = 0.75 for p-i-p
samples [49]. Also, time resolved EL measurements on OLEDs offers to study charge
accumulations [152]. Figure 4.4 illustrates the influences on the EQE found for the
Meyer stack so far.
4.3 Suggestions for Future Studies
This section summarizes requirements for glass stability investigations at IAPP. Fur-
thermore, materials are presented that could be used for future studies. Not only
OLEDs, but all devices that include organic semiconductors could be investigated, i.e.
related perovskite LEDs, QLED and organic lasers, but also solar cells or transistors.
The requirements for glass stability investigations can be grouped in:
• Stable glass forming ability: The material of interest must be known to form
a stable glass. Ideally this is confirmed by nanocalorimetry measurements that
show extrema of the fictive Tf and onset temperature Ton. Systematically testing
various OLED stacks is possible, but the present work found only one working
example, see Figure 4.1.
• Temperature stability: The electrode and the layers evaporated prior the
substrate heating must endure the highest investigated temperature. For non-
inverted OLEDs it is the hole side, i.e. the molecules must not disassemble nor
crystallize. Conveniently, many HTLs were developed to have a high Tg. The
electron side is not affected as it can be deposited after cooling of the substrate.
• Evaporation: Every deposited material prior substrate heating must have evap-
oration temperatures 20-30°C higher then the highest substrate temperature.
Otherwise it can happen that the material reevaporates from the substrate. In
addition, to from stable glasses the evaporation rate must stay below . 0.1 nm/s.
• Glass transition: The glass transition temperature Tg of the material of interest,
e.g. the host, ideally lies between 110 ... 150 °C. Only in this range, the currently
achievable substrate temperature sweeps over the expected stability maximum
at Tsub/Tg ≈ 0.85. The substrate can reach temperatures between 30 and 120°C.
Of course, other Tg can be tested, but then no clear correlations to stability
maxima can be made since the interesting temperature is not enclosed.
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ideal for experiments
Figure 4.10: Possible organic molecules for future studies of stable glass formation in
OLEDs or other semiconductor devices. The glass transition tempera-
ture Tg scales approximately with the melting temperature Tm. The grey
filled tube spans the range Tg = 0.67 ... 0.77Tm. The dashed lines indi-
cate the approximate ideal range of Tg for the experiment. Here, the glass
stability maximum at ≈ 0.85Tg lies within the currently experimentally
achievable substrate temperatures at IAPP with Tsub = 30 ... 120 °C.
Figure 4.10 and Table 4.4 summarize organic molecules that are used for semiconduc-
tor devices that also have a glass transition. Those materials could be used for future
studies, especially interesting are the molecules, which are know to form stable glasses.
Predicting the glass transition temperature is also of great interest. It was found that
Tg scales in average with the melting temperature Tm of the material with
Tg = g Tm (4.5)
with g being a constant factor. For polymers, organic and inorganic system this
general rule is experimentally confirmed with values of g between 0.5 ... 0.8 [31, 153].
Also the selected organic molecules in Figure 4.10 confirm this general trend. The
plotted grey tube includes values for g = 0.67 ... 0.77. However, the scattering of data
makes it clear the a measurement of the glass transition temperature cannot be avoided.
The standard conditions to form a stable glass are Tsub/Tg ≈ 0.85 and a deposition
rate . 0.1 nm/s. If the material still does not form a stable glass, there are three typical
reasons to consider [32]. First, the material is simply a ‘poor glass former’, i.e. the
material might crystallize upon deposition. Second, the standard rate might still be to
high. Experiments with 2-ethyl-1-hexanol glasses showed that decreasing the rate from
0.2 to 0.005 nm/s lead to much higher kinetic stability [154]. Third, instead of stable
glasses the material forms an ‘unusual’ liquid. These are considered as new liquid states
that are subject of current research [32].
In summary, the most promising route is first to find organic molecules that form
stables glasses with nanocalorimetry. Then this material must have a meaningful func-
tionality in the device, i.e. being a transport layer or a host in an OLED. On top of
that, the device architecture must be suitable for the temperature treatment.
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Table 4.4: Organic molecules that might be used for stable glass formation in or-
ganic semiconductor devices. The column ‘stable glass’ indicates whether
improved properties could be observed, e.g. enhanced thermal, kinetic sta-
bility or density.
Material Function Stable glass Tg (°C) Tm (°C)
mCP Host 55 ... 60 [128, 155, 156] 173 [157]
TPD HTL X [38, 46] 57 ... 65 [38, 158, 159] 176 [160]
BCP ETL/Host 62 ... 83 [51, 131] 281 [161]
BPhen ETL/HBL 62 [131, 162] 219 [163]
CBP HTL/Host 62 [128, 156, 159] 283 [164]
MeO-TPD HTL 67 ... 70 [165, 166] 192 [167]
m-MTDATA HTL X [46] 75 [159] 210 [168]
OXD-7 Host 75 ... 77 [51, 159] 241 [169]
TAPC HTL/Host/EBL 78 ... 82 [128, 158] 186 [170]
DSA-Ph Fluorescent X [38] 87 [38] -
TCz1 Host 88 [156] 190 [171]
AM-55 Host 88 [172] 190 [172]
NPB HTL/Host/EBLX [38, 46] 89 ... 99 [38, 51, 127] 280 [173]
BAlq2 HBL 92 [131] 211 [174]
CDBP Host 94 ... 109 [136, 175] -
DPEPO Host 97 [136] 280 [176]
m-CBP Host 97 [177] 270 [177]
4P-TPD HTL 99 [178] 252 [178]
SPPO1 Host 100 [136] 240 [136]
SimCP (SimPC) Host 101 [155] -
2-TNATA HTL X [46] 110 [127] 245 [179]
DAPSF Fluorescent 112 [180] 255 [180]
1-TNATA HTL 113 [127] 250 [181]
Meo-Spiro-TPD HTL 115 [166] -
PV-TPD HTL 118 [166] -
BF-DPB HTL 121 ... 125 [122, 136] 264 [122]
4P-NPD Fluorescent 122 [136] 283 [136]
TPBi ETL/Host X [21] 122 [51, 136, 159] 277 [182]
TPA-TPE HTL 127 [159] -
MADN Host 129 [136] 255 [136]
CzSi Host 131 [183] 320 [183]
TPT15 HTL 132 [159] -
Alq3 ETL X [184, 185] 135 ... 175 [51, 136, 159] 400 [136]
Spiro-TAD HTL 133 ... 136 [121, 136] 276 [186]
BCPO Host 137 [187] -
TPT1 HTL 144 [159] -
Spiro-TTB HTL 146 [121] 283 [136]
TCTA HTL/Host/EBLX [46] 150 ... 156 [127, 136] 299 [188]
PDA-TPE HTL 151 [159] -
Di-NPD HTL 158 [166] -
CBP-CN Host 162 [189] -
CPCB Host 165 [190, 191] -
Spiro-2CBP Host 174 [51, 159] 394 [192]
PPIP Fluorescent 195 [193] 402 [193]
TPIP Fluorescent 200 [193] 405 [193]
DAPPy Fluorescent 227 [194] -
DAPBN Fluorescent 234 [194] 349 [194]
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Structures
This chapter introduces a new efficiency metric for the evaluation of light
outcoupling structures. First, the need for a new efficiency is discussed, then
it is exemplary calculated and finally, it is sketched how the new efficiency
can help to study light outcoupling structures in more depth. Some of the
results are published in [195].
5.1 Introducing the Efficiency of Light Outcoupling
Structures (ELOS)
Figure 5.1 illustrates a typical photon distribution of bottom-emitting OLEDs. Injected
charges generate large fractions of photons, but the majority cannot escape the planar
layer structure of the reference OLED. Around 60-70 % of the generated photons stay
trapped in substrate, waveguided and evanescent modes. To extract these photons,
there exist an enormous variety of light outcoupling structures, see also Section 2.3.
But so far no superior structure has been established that works efficient for all OLED
types. This is partly due to the high complexity and difficult comparability.
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Figure 5.1: Exemplary charge to photon conversion in a bottom-emitting OLED and
its efficiencies. The conventional efficiencies, i.e. the EQE and the light
outcoupling factor ηout, state the outcoupled photons as percentage of
injected charges or generated photons. The ηELOS, in contrast, states
additionally outcoupled photons (through the application of the light out-
coupling structure) as percentage of the theoretically extractable photons
in the OLED. The Sankey diagram is partly created with [196].
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This work aims to improve the comparability of light outcoupling structures by intro-
ducing a new metric that helps to search for the best structure. Usually, an efficiency
increase is reported by stating an enhancement factor. That is completely valid for
comparing structures within one study with the same reference OLED. But how can
light outcoupling structures be compared globally? Comparing the enhancement factor
fails, because the higher the better, but where is the limit? Comparing the improved
EQEs is already better, but it neglects the different reference OLED.
The idea for the new Efficiency of Light Outcoupling Structures (ELOS) is demon-
strated in Figure 5.1. The additionally extracted photons that are won by the appli-
cation of the structure are weighted by the trapped photons that can potentially be
outcoupled. In this way, the ELOS has an upper bound of 100 % as it states how many
potential photons were extracted.
For comparison, the ηELOS and the conventional enhancement factor are displayed
in Figure 5.2 for various light outcoupling structures from literature. For low im-
provements the metrics scale approximately linear, but then a saturation sets in. All
enhancement factors around 3 ... 4 extract about 80 % of the trapped photons. Further-
more, some points may be underestimated, e.g. the top left point has an enhancement
factor of 1.7, but ηELOS ≈ 75 %. Vice versa, structures can be overestimated having
enhancement factors > 2, but only ηELOS . 50 %. This comparison demonstrates how
a structure assessment depends on the used metric. In worst case, there is a hunt
for highest enhancement factors, while the actual extracted photons are of secondary
importance.
Another problem: Assuming a structure is applied to a reference OLED with poor
efficiency through high non-radiative loss. According to Figure 5.1, the total EQE will
therefore also be small, even with ηELOS = 100 %. Reporting this value is then not
impressive and the structure might not be properly acknowledged. The ELOS however
considers the low quantum yield, because the outcoupling potential shrinks with low
radiative efficiency. The light outcoupling factor ηout also does that, but it has another
drawback: It includes absorption and disregards which modes a structure can extract
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Figure 5.2: Comparison of the extracted share of photons ηELOS with the conventional
enhancement factor. For low improvements both metrics scale linear. For
high enhancement factors, the extracted share of photons saturates. Note,
that some structures can be under- or overestimated when the enhance-
ment factor is used. The dashed line serves as guide for the eye. A table
with the data and sources can be found in [195].
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at all. The ELOS intends to do that by selecting the loss channels for the potential
outcoupling gain, i.e. external structures can only extract substrate modes and internal
structures can, in principle, extract substrate, waveguided and evanescent modes.
Of course, in the end the total EQE must be maximized, i.e. the total outcoupled
photons over the injected charges. Nevertheless, the proposed ELOS offers to study
structures even with poor reference OLEDs. Once a good structure has been found, it
can be adapted by other research groups or industry that have high efficient reference
OLEDs to achieve record efficiencies. Moreover, the ELOS can be correlated to struc-
tural characteristics of the used light outcoupling structure, see later in Section 5.3. In
that way, it can be studied where the structure is most efficient.
After having motivated the need and advantages of the ELOS, the next section
presents the calculation procedure with a detailed example.
5.2 Exemplary Calculation of the ELOS
This chapter describes the procedure to calculate the efficiency of light outcoupling
structures ηELOS. First, the model system is presented with its electrical and optical
characteristics. Then, the outcoupling potential is estimated with optical modelling
and with that the ηELOS is calculated.
Model System and its Electro-Optical Characteristics
Figure 5.3 sketches the investigated bottom-emitting OLEDs. They are classified into
four scenarios by combining internal and external light outcoupling.
The internal light outcoupling structure is a 2D array of TiO2 blocks. They have
been imprinted on two out of four adjacent ITO anodes1, see also Figure 2.7 for the ITO
geometry. The fabrication process is described with more details in [195]. The side-by-
side placement allows high comparability for each of the sixteen dETL variations from 40
to 330 nm. The block array further has a height of h = 78 ± 12 nm (1σ) and an average
period of Λ = 960 nm in both dimensions. The blocks act as a diffraction grating for
the internally generated light, because of their periodic arrangement and high refractive
index of n ≈ 2.3 [197] at the peak wavelength of the emitter Ir(MDQ)2(acac).
The external light outcoupling structure is a half-sphere that is attached to the
substrate with index matching oil. Its diameter of ø = 10 mm is large compared to the
OLED area with about 2.5 mm x 2.5 mm.
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Figure 5.3: Model system of bottom-emitting OLEDs with four substrate scenarios.
A TiO2 block array and a half-sphere serve as internal and external light
outcoupling structure. The organic layers are evaporated on top of the
blocks and follow the corrugation. Graphic adapted from [195].
1The TiO2 blocks are made by Kai Eckhardt at Inorganic Chemistry I, TU Dresden.
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Figure 5.4: Electrical characteristics of the OLEDs with and without 2D TiO2 blocks
on top of ITO. (a) IV curves of all samples. Outliers for both sample
types are plotted with lighter colors. (b) Voltage to reach 15 mA/cm2 as
function of the ETL thickness dETL. (c) Leakage current distribution at
-5 V for 32 planar and 32 block samples each. (d) Sketch for a resistance
estimation that suggests a uniform illumination, because the current j can
spread laterally above the TiO2 blocks.
Figure 5.4 summarizes the electrical characterization of OLEDs with and without
TiO2 blocks
2. Figure 5.4 (a) shows similar IV curves for all OLEDs. The blocks increase
the leakage, but they do not significantly change the current after turn-on at 2 V. Both
sample types show outliers with reduced current in the SCLC regime. The fabrication
process of TiO2 might have added an additional series resistance for these diodes. The
planar samples could be affected as well through the liquid precursor placement on
adjacent ITO for the nano imprinting.
Figure 5.4 (b) plots the voltage needed to reach 15 mA/cm2 as function of the ETL
thickness dETL. There is no systematic voltage change due to the insertion of the blocks.
On average, the voltage increases with dETL for both sample types if the outliers are
neglected. The statistics3 in Figure 5.4 (c) show how the blocks increase the leakage
current at -5 V. The percentage of samples with j ≤ 10−2 mA/cm2 is cut in half with
insertion of the blocks from 75 % down to 37.5 %. There are more non-functioning
planar than structured OLEDs pointing to a general fabrication vulnerability.
2The OLED measurements of this section have been performed by Maximilian Schmidt.
3The leakage current analysis is based on a python script from Markus Fröbel.
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TiO2 is a n-type semiconductor [198], so it is not contributing to the hole current
that comes from the ITO. The question is whether this leads to non-uniform emission
patterns of the OLED, which could not be observed with the available optical micro-
scope. However, the block dimensions of 500 nm are in the same range as the resolution
limit with λ/2.
Figure 5.4 (d) shows a sketch for a resistance estimation to investigate for non-uniform
emission patterns. The horizontal resistance R‖ is calculated with the conductivity
σ = 1.8 x 10−5 S/cm of BF-DPB doped with 4 wt% F6-TCNNQ [199]. Further, the
HTL geometry is approximated with l = 250 nm and A‖ = 500 nm x 54 nm, so that:
R‖ =
1
σ
l
A‖
≈ 5 GΩ. (5.1)
The vertical resistance R⊥ is estimated with Ohms law using the jV curves. For
j = 15 mA/cm2 the voltage is V ≈ 2.9 V and the area A⊥ of the current providing unit
cell is 3 x 500 x 500 nm2, so that:
R⊥ =
V
j A⊥
≈ 25 GΩ = 5R‖. (5.2)
Since R⊥ > R‖, it is assumed that the current can easily flow horizontal in the HTL
and distribute evenly above the TiO2, which should lead to homogeneous illumination.
Now, the efficiencies are discussed. Figure 5.5 shows that the TiO2 blocks scatter
additional modes into the air cone, which leads to increased efficiency. The EQE
increase with the bare substrate is only . 2 %. At j = 1 mA/cm2 it increases from
19.1 % to 20.4 %. With the half-sphere attached, that itself already raises the EQE to
32.5 %, the additional increase through the blocks is about 4 % to 36.5 %. This allows
the conclusion that the TiO2 blocks scatter modes not only in the air cone, but also
into the substrate regime, which then get extracted by the attached half-sphere.
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Figure 5.5: Spectral radiant intensity and EQE of OLEDs with dETL = 80 nm. (a,b)
Angular resolved spectral radiant intensity at j = 15 mA/cm2, normalized
to common maximum. (c) EQE as function of the current density j, that
has been corrected by integrating sphere measurements at j = 15 mA/cm2.
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Figure 5.6: EQE over ETL thickness at 1 mA/cm2 for the four scenarios of light out-
coupling. The dashed line shows EQE simulations for the planar reference
OLED, for more details see also Figure 6.4. Plot adapted from [195].
Figure 5.6 shows the EQE at j = 1 mA/cm2 as function of dETL for the four light
outcoupling scenarios. While the blocks increase the EQE around the first maximum of
light outcoupling by approximately absolute +2 %, they approach the reference values
for dETL > 180 nm. The half-sphere improves the EQE at least by +10 %, even up
to +16.5 % depending on dETL. The combination of blocks and half-sphere yields the
greatest improvement, again with absolute values that depend on the thickness, e.g.
+24 % at 122 nm and +11 % at 266 nm. The highest EQEs are about 36.5 % in first
maximum of light outcoupling at 80 nm. The second order reaches only 31 % at 280 nm,
even though initial reference EQEs are equally efficient with about 19 %. The reason
is that the first order contains more photons in the substrate that can be outcoupled
by the half-sphere. Section 6.1 discusses this observation in more detail in dependence
on the anisotropy a and quantum yield ηrad of the emitter.
Determining the Potential Outcoupling Gain and ELOS Calculation
In the following, the photon distribution of the planar reference OLED is calculated.
This provides the potential outcoupling gain for the subsequent calculation of the ELOS.
Note, that the shown ETL thicknesses were refined to achieve better agreement
between experiment and simulation. This is done by fitting the measured spectral
radiant intensity (see e.g. Figure 5.5 a) of all planar samples to Equation (2.30)4. The
anisotropy of NPB:Ir(MDQ)2(acac) is set to a = 0.24 according to literature [62]. The
refractive indices Ñn of all used layers are known. The thicknesses Dn of the OLED
stack are as in Figure 5.3, only the dETL is set as free parameter.
With the refined ETL thicknesses the next two parameters γ and ηrad can be ex-
tracted. Therefore, the calculated EQE from Equation (2.34) is matched to the mea-
sured EQE by least square fitting. In Equation (2.34), the electrical efficiency γ is a
constant factor, while the radiative efficiency ηrad influences the height ratio of the two
EQE maxima [86, 200]. The best agreement of experimental and simulated EQE is
achieved for γ = 1.0 and ηrad = 0.66, see also Figure 5.6.
4The fitting procedure is based on software written by Cornelius Fuchs and Mauro Furno.
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Now, with Dn, Ñn, a, γ and ηrad all parameters are known to calculate the photon
distribution of the planar reference OLEDs. It is displayed in Figure 5.7 (a) with the
filled colors. A comparison to the drawn experimental EQE symbols motivates the
calculation of the ELOS. It is compared how high the EQE could have been with the
respective structure. With that the most general form of the ELOS is
ηELOS =
Additional photons
Potential outcoupling gain
=
ηextractedEQE − ηrefEQE
χsub + χWG + χSPP
. (5.3)
Here, ηextractedEQE denotes the measured EQE with applied structure and η
ref
EQE the
measured EQE of the reference OLED without any light outcoupling. The denominator
must be adapted to the potential gain of the used light outcoupling structure. Internal
structures can in principle extract all trapped photons. That are the photons emitted
to the substrate χsub, to organic waveguided modes χWG and that couple to evanescent
modes at metal interfaces χSPP.
When all of those photons are extracted, the outcoupling limit is reached. This is
the highest possible EQE that could be achieved with perfect photon extraction, i.e.
ηELOS = 100 %. For the present example the limit is around 60-70 % as indicated in
Figure 5.7 (a). The remaining loss consists of the non-radiative share χnon and the
absorbed photons χabs that cannot be outcoupled. Note, that for top-emitting OLEDs
there is no emission into the substrate so that χsub = 0.
In contrast, external light outcoupling structures can only extract the photons from
the substrate, so only χsub provides the potential. In the present classification, there
are no external light outcoupling structures for top-emitting OLEDs at all. Exotic
approaches such as micro-lenses laminated on the capping layer of top-emitting OLEDs
[201] is here still classified as internal light outcoupling. For external light outcoupling
structures on bottom-emitting OLEDs with χWG = χSPP = 0, the ELOS reads
ηELOS =
ηextractedEQE − ηrefEQE
χsub
. (5.4)
In this case, the ηELOS transforms into the method proposed by Krummacher et
al. [202]. Here, similar calculations are performed with emission intensities.
Figure 5.7 (b) and (c) shows the calculated ηELOS and the conventional enhance-
ment factor, respectively. The most striking difference is that the enhancement factor
strongly varies over dETL, while the ηELOS is not constant, but varies within smaller
boundaries. The enhancement factor can reach incredible values of up to 7. But at the
corresponding thickness of dETL = 164 nm, the EQEs are actually the smallest. Vice
versa, where the EQEs are highest at dETL = 80 nm and dETL = 266 nm, the enhance-
ment factors are smallest. This once more emphasizes that enhancement factors should
not be used as metric to compare light outcoupling structures.
Figure 5.7 (b) shows that on average, the half-sphere extracts about ηELOS ≈ 80 %
of all photons. The minimum around 120 nm is due to the deviation of experimental
and simulated EQE of the planar reference in this thickness range. Around 200 nm
more than 90 % of the photons in the substrate can be extracted. This is certainly
a high value, but the common believe that half-spheres extract all photons cannot be
confirmed. The losses might result from the geometry, i.e. the half-sphere diameter is
not big enough, from misalignments or from absorption in the immersion oil.
The combination of blocks and half-sphere reaches at best ηELOS ≈ 43 %. This
is comparably low, but results from the high potential outcoupling gain of internal
structures. The blocks alone have at best ηELOS ≈ 8 % and a strong relative scattering
of values. The thickness dependence of the ηELOS is examined in the next section after
discussing assumptions made for calculating the ELOS.
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Figure 5.7: (a) Calculated photon distribution and measured EQEs. (b) Calculated
ηELOS for the three light outcoupling structures. (c) Enhancement factor
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OLEDs. Plots adapted from [195].
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5.3 Assumptions and Usefulness of the ELOS
Assumption of Equal Outcoupling and Losses
Note the gray dashed line in Figure 5.1 from the introduction. This line indicates
that a light outcoupling structure could also reduce the fraction of photons, which
are normally outcoupled in the reference OLED. Therefore, the calculation of ηELOS
makes the assumption, that the following three photon fractions do not change with
applications of a light outcoupling structure: the normally outcoupled photon ηEQE, the
absorbed photons χabs and the non-radiative fraction χnon. If these fractions change,
the ηELOS gives wrong values, because either the additional photons or the outcoupling
potential is not quantified correctly.
Figure 5.7 (a) shows that for the presented example, the biggest loss is given by the
non-radiative fraction χnon. Now the question is whether the TiO2 blocks influence the
effective radiative efficiency η∗rad. Certainly, the blocks modify the optical environment.
As consequence, they might change the effective radiative transition rate F Γr of the
molecules. Here, F is the Purcell factor that states the total radiated power in the
cavity. On the other hand, the blocks could also change the non-radiative rate Γnr
through their morphology. If all this causes the η∗rad to decrease (increase), the χnon
will increase (decrease) and the ηELOS would be underestimated (overestimated) due
to an incorrect assumed outcoupling potential. Therefore, the η∗rad is the focus of the
following investigation and whether it is changed by the blocks.
The η∗rad of OLEDs cannot be measured directly. But the related decay time τ
∗ of
the excited molecules in the OLED can be probed. Equation (2.27) and (4.1) connect
the two quantities via
η∗rad = F Γr τ
∗. (5.5)
The times τ∗ are measured by exciting the OLEDs optically and then recording the
PL decay. This is done with the TCSPC setup. Figure 5.8 (a) shows an exemplary
measurement for OLEDs with and without blocks at dETL = 205 nm. The normalized
recorded intensity I(t) is fitted with a biexponential function
I(t) = A1e
−t/τ1 +A2e
−t/τ2 (5.6)
with the two amplitudes A1, A2 and characteristic decay times τ1, τ2. The fitted
range is 0.5 to 5 µs. The average decay time is calculated by [203]
τ∗ ≡ 〈τ〉 = A1 τ
2
1 +A2 τ
2
2
A1 τ1 +A2 τ2
. (5.7)
The inset of Figure 5.8 (a) shows that the blocks do not systematically change the
decay times τ∗. That can be seen as indication that the transition rates stay constant,
and thus the radiative efficiency is constant. But strictly, this only means that the sum
F Γr + Γnr stays constant with insertion of the blocks. Here, F is dependent on the
cavity, i.e. on the ETL thickness dETL.
Another way of displaying the data is given in Figure 5.8 (b), which shows the relative
decay time τ∗/τ over dETL. The ratio of the decay time in presence of a cavity τ
∗ and
in vacuum τ is only dependent on the intrinsic radiative efficiency ηrad and the Purcell
factor F [86]
τ∗
τ
=
1
1− ηrad + ηrad F
(5.8)
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Figure 5.8: PL decay of OLEDs with and without 2D TiO2 blocks. (a) Exemplary
PL decay after laser excitation for samples with dETL = 205 nm. The
inset shows that the blocks do not change the decay times τ∗. The out-
lier is ignored in the fit. (b) Relative decay times as function of dETL
with τ = 0.68 µs. The dashed line is the calculated ratio according to
Equation (5.8). Plot (b) adapted from [195].
The Purcell factor F is calculated for the planar OLEDs with varying dETL and the
intrinsic ηrad = 0.66 is known from the EQE fitting of the previous section. The τ is
determined by least square fitting of the planar samples to τ = 0.68 µs. This is compa-
rably short for Ir(MDQ)2(acac). Literature values range from τ = 1.37 ...1.7 µs [66, 86,
204]. But a systematic error5 in the TCSPC setup had reduced the values by a factor
of about 2, so that a doubled time with τ = 1.36 µs fits to the literature.
Overall, the data in Figure 5.8 (b) suggests that there is no significant influence of
the 2D TiO2 block on the intrinsic ηrad nor on F . That means the non-radiative losses
of the OLEDs with and without the TiO2 blocks array are equal, which in turn means
that the ELOS calculation is correct. The next section sketches how the ELOS can be
used to characterize a light outcoupling structure.
5Elisabeth Schwarz found that the Input Channel 1 level value of the PicoQuant TimeHarp 260
board had to be adjusted from -150 mV to -40 mV. Unfortunately, the experiments could not be re-
peated, because the OLEDs were degraded due to removed encapsulation glasses for morphology in-
vestigations.
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Finding Ideal Structural Parameter
Now an example of the usefulness of the ELOS is presented. To improve light outcou-
pling, one would like to find structural parameters that extract the most photons. The
structural parameters can in general be anything that describes the light outcoupling
structure. It can be a thickness of a scattering layer, the number or density of scat-
tering particles, refractive indices or periods and heights of photonic lattices. One way
of finding these ideal parameters are complex optical simulations. Another way is the
experimental approach by correlating efficiencies to a variation of these parameters.
The EQE can be used for those correlations, but as described before, the ELOS is
independent from the employed OLED system. It therefore may help to generalize the
improvements of a certain structure for a large number of different OLEDs.
In Figure 5.7 (b) it was shown that the ηELOS is not constant over the dETL. A
changing morphology is expected to be the origin, which is investigated in the following.
Recall that the evaporated layers follow the block corrugation, which will be smoothed
with increasing dETL. To study the smoothing, AFM measurements are performed on
top of the Ag electrode. The height determination is described in [205].
Figure 5.9 (a) shows the corrugation smoothing with increasing dETL. The relative
strong deviations can be understood through the large uncertainty of the initial height
with h = 78 ± 12 nm (1σ).
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Figure 5.9: (a) Remaining corrugation height h measured on top of the Ag electrode.
The TiO2 block array leads to a corrugation of the whole OLED layer
sequence that is smoothed with increasing thickness. (b) Correlation of
the ELOS to the ratio of remaining corrugation height and OLED cavity
length. Plots adapted from [195].
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Figure 5.9 (b) shows the previously obtained ηELOS over the ratio of corrugation
height h to the OLED cavity length. The length is calculated as sum over all organic
layer thicknesses with ΣDn = 94 nm + dETL, see Figure 5.3. The point (0/0) is added
artificially as a block height of zero will not yield efficiency enhancement. With in-
creasing corrugation height, the ηELOS also increases. Remarkably, there seems to be
an ideal ratio h/ΣDn between 0.3 and 0.4. It is more pronounced for the combination
of both light outcoupling structures. An experimental confirmation of this result is
now needed, which would not have been found without the use of the ELOS. Promising
studies could be made with precise experimental control of height and periods of 2D
block arrays, because a literature study showed that the ideal grating period Λ also
depends on the block height [100].
In summary, this chapter introduced a new metric to assess light outcoupling struc-
tures. The so-called ELOS quantifies the ratio of extracted photons from an OLED
with an applied light outcoupling structure. For the calculation, two information are
needed: the experimentally measured efficiency improvement and the simulated photon
distribution of the reference OLED. The simulation is used to estimate the maximum
improvement that can be expected. The ELOS was exemplary calculated for combi-
nations internal and external light outcoupling structures. Needed assumptions were
discussed and verified. For the presented example, an ideal corrugation height ratio of
0.3 to 0.4 for maximum light extraction could be determined. Although, it is a rather
complex task to calculate the ELOS properly, it offers new routes to study light out-
coupling structures in more depth. It is anticipated that the proposed ELOS can be
used to find the ideal structural parameters for highest photon extraction for any light
outcoupling structure. The strength lies in its independence from the OLED used in
each study. This might help to find a universal applicable light outcoupling structure
that works efficient for all OLEDs.
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with Optical Simulations
This chapter examines EQE limits of planar OLEDs with optical simulations.
The simulations help to identify material or stack parameters that limit the
efficiency the most. The topics of interest are best reference OLEDs for
application of light outcoupling structures, EQE influences from refractive
indices and the trade-off between EQE and emission color.
6.1 Identifying best Reference OLEDs for Applications of
Light Outcoupling Structures
As the material development progresses, OLED emitters soon will be close to have ideal
alignment (a = 0) and also ideal quantum yield (ηrad = 1) [18]. What are then the
consequences for the application of light outcoupling structures? Which cavity order is
the most efficient and therefore serves as reference? And which cavity order offers the
highest potential for additional efficiency gain through application of structures?
For a better understanding of these questions, consider the typical bottom-emitting
OLED from Section 2.3. In Figure 2.17 (b), the photon fraction is given for an ideal
emitter. Here, the sum of photons emitted to air and substrate (ηEQE+χsub) is higher in
the first order (dETL ≈ 45 nm) than in the second order (dETL ≈ 240 nm). That means
the first cavity order offers highest potential for efficiency gain, because the substrate
modes can be extracted by external light outcoupling structures that are currently more
efficient than internal structures [195]. A perfect external structure (ηELOS = 1) will
lead to an EQE of more than 60 %, but only for dETL ≈ 45 nm. For perfect internal
light outcoupling structures, both orders will lead to EQEs of 90 %. In the following,
this statement is investigated in dependence on the dipole orientation and quantum
yield (a/ηrad).
This section first identifies the most efficient cavity order of top- and bottom-emitting
OLEDs with optical simulations. Then, it is discussed which order will likely lead to
highest efficiencies after the application of light outcoupling structures. The EQE
difference ∆EQE between a first and second order cavity OLED is calculated by
∆EQE(a, ηrad) = η
1st
EQE(a, ηrad)− η2ndEQE(a, ηrad). (6.1)
The simulation tests reasonable combinations of dipole orientations and quantum
yields (a/ηrad), i.e. a from 0 to 0.5 and ηrad from 0.5 to 1 with step widths of 0.05.
It is assumed that the refractive indices do not change with thickness nor show any
birefringence. Both, the highest possible EQE and also the required optimal ETL and
HTL thicknesses are functions of (a/ηrad) with
ηmaxEQE = f
(
d optETL(a, ηrad), d
opt
HTL(a, ηrad), ...
)
. (6.2)
Therefore, for each combination of (a/ηrad) an individual layer optimization has to
be performed. For the second order cavity, the larger distance to the opaque metal is
selected to reduce SPP coupling. See also Figure 2.17 (a).
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Determining References for Top-Emitting OLEDs
This section searches the most efficient top-emitting OLED as a function of the an-
isotropy a and the radiative efficiency ηrad for the first and second order cavity. Those
OLEDs will serve as reference for application of light outcoupling structures. The inves-
tigated top-emitting OLED stack is sketched in Figure 6.1. It comprises the orange-red
phosphorescent emitter Ir(MDQ)2(acac). A simplex algorithm computes a local EQE
maxima under variation of four layer thicknesses [206]. The layers to be varied are
the capping layer with NPB, the semitransparent metallic top-electrode made of Ag,
the ETL with BPhen doped 1:1 with Cs and the HTL with Spiro-TTB doped with
4wt% F6-TCNNQ. The values for the starting parameters determine whether the first
or second order is probed.
Figures 6.2 (a-e) show the simulation results for EQE and thicknesses of the first
order cavity. In (a) the EQE is plotted over the emitter anisotropy and quantum yield
(a/ηrad). The absolute highest possible EQE is 45.6 % at (0/1). The smaller Figures (b-
e) display the corresponding layer thicknesses that are needed to achieve highest EQE
at any given pair of (a/ηrad). At (0/1) the necessary thicknesses are dcap = 78 nm,
dAg = 17 nm, dETL = 70 nm and dHTL = 29 nm.
Figures 6.2 (b-e) reveal abrupt thicknesses changes of all layers towards the corner
(0.5/1). At that point, highest EQE is achieved with a metal layer thickness of dAg ≈
5 nm, which is experimentally possible [207]. The capping layer and the transport layers
also have the thickness changes at the same (a/ηrad). The reason for the abrupt change
is shown in Figure 6.2 (g). Here, the EQE is plotted as function of dcap and dAg for
constant dHTL, dETL and fixed emitter parameters (0.24/0.8). Three EQE maxima can
be found. One is located at a large capping layer thicknesses of dcap = 275 nm and
two are located at dcap in a range of 100 nm. The latter two have EQEs close to each
other and their balance is sensitive to (a/ηrad). For ideal emitters (0/1) a thick metal
electrode is preferred, while for larger anisotropy factor, e.g (0.33/1), a thinner metal
electrode yields higher EQEs.
NPB:
Ir(MDQ)2(acac)
Spiro-TAD
Figure 6.1: Top-emitting OLED for EQE simulations of first and second order cavities.
Four layer thicknesses are set as variable parameters: the capping layer
dcap, the semitransparent metal electrode dAg and the charge transport
layers dETL and dHTL. The EML and blocking layer thicknesses are kept
constant to ensure proper electrical and excitonic functionality.
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Figure 6.2: Top-emitting OLEDs in the first (a-e) and second order cavity (h-l). (a, h)
Simulated highest EQE and (b-e, i-l) corresponding layer thicknesses as
a function of the anisotropy a and quantum yield ηrad. (f) The EQE
difference ∆EQE = η1stEQE−η2ndEQE shows that the first order is more efficient
for all combinations of (a/ηrad). (g) EQE over capping layer dcap and
electrode thickness dAg at (0.24/0.8), also indicated in (b,c). It reveals
the origin of the abrupt thickness changes in (b-e), because two EQE
maxima are almost equally efficient with a sensitive balance on (a/ηrad).
Figure 6.2 (h-l) show the simulations of EQE and thicknesses for the second order
cavity. Here, the thickness changes are more smooth (i-l). A very thin metal layer
thickness is required (j) and the thick HTL is almost constant (l) for all combinations
of (a/ηrad). The highest possible EQE at (0/1) is only 39.9 % and therefore 5.7 % lower
compared to what a first order cavity could achieve with the same emitter.
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The EQE difference ∆EQE is plotted in Figure 6.2 (f). It demonstrates that the first
order is superior to the second order for all combinations of (a/ηrad). But ∆EQE is not
constant. It can be only 0.9 % at (0.5/1) or as large as 7.6 % at (0/0.5). Which cavity
order is now preferred to be used with light outcoupling structures? For top-emitting
OLEDs only internal structures are available, because no substrate modes are present
(χsub = 0). Since the first order cavity is superior, it must be the reference to which
the OLEDs with internal structures have to compete with.
Nevertheless, it remains difficult to make a general statement whether the first or
the second order cavity should be used. The decision can only be made when the
behavior of the light outcoupling structure is known. If the structure works better for
SPP modes, then the first order is more promising, because the coupling to the SPP
is higher. On the other hand, if the structure works better for WG modes, then the
second order offers more potential due to the higher number of waveguides. As result,
even an ∆EQE of 5.7 % for (0/1) of the first order reference may be surpassed with
efficient outcoupling of WG modes in a second order cavity. The assessment of the light
outcoupling structures should be done with the ELOS, see also Chapter 5.
Determining References for Bottom-Emitting OLEDs
This section searches the most efficient bottom-emitting OLED as function of emitter
anisotropy and quantum yield (a/ηrad). The procedure is similar to the one for top-
emission in the previous section. The substrate modes are now included in the study
(χsub 6= 0), because external light outcoupling structures are easily to apply and yield
significant efficiency enhancement [195]. For the bottom-emitting OLED only two
instead of four layer thicknesses are free parameters, i.e. the dETL and dHTL.
Figure 6.3 sketches the used OLED stack for the simulations. Again, the best achiev-
able EQEs are calculated for the first and second order cavity. The results are discussed
in depth for the orange-red emitter Ir(MDQ)2(acac). For a green emitter Ir(ppy)3 and
a blue emitter combination MADN:TBPe only the key results are presented in the end
of this section.
NPB:
Ir(MDQ)2(acac)
ITO 90 nm
BF-DPB:
NPB
BAlq2
100 nm
0
0.5
1
400 450 500 550 600 650 700 750
Wavelength (nm)
Ir(MDQ)2(acac)
Ir(ppy)3
MADN:TBPe
Figure 6.3: Bottom-emitting OLED for EQE simulations of first and second order
cavities. The dETL and the dHTL are set as variable parameters. The
EML and blocking layer thicknesses are kept constant to ensure proper
electrical and excitonic functionality.
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Figure 6.4: Comparison of bottom-emitting OLEDs with first (a,d) and second order
cavity (c,f) for Ir(MDQ)2(acac). (a,c) Simulated EQE as function of emit-
ter anisotropy and quantum yield (a/ηrad). (b) The EQE difference ∆EQE
shows that the second order cavity is more efficient for ηrad > 0.9. (d,f)
Sum of EQE and substrate photons χsub of bottom-emitting OLEDs. (e)
The difference ∆(ηEQE + χsub) reveals that the first order is more efficient
when all substrate modes are extracted with external light outcoupling
structures. The ‘Exp.’ indicates experimental data of Section 5.2 that
verifies the calculation for (0.24/0.66). Graphic adapted from [195].
Figure 6.4 shows the simulated EQE (a,c) and the sum ηEQE +χsub (d,f) for the first
(a,d) and second (c,f) order cavity. For ideal emitters (0/1) the EQE reaches more than
30 % in both orders. Remarkably, the EQE difference in (b) with ∆EQE = η1stEQE−η2ndEQE
reveals that the second order is more efficient for quantum yields above ηrad > 0.9. That
is in qualitative agreement to calculations and experiments from literature [200, 208,
209]. At (0/1) the difference is ∆EQE = 34.9 % − 35.5 % = -0.6 %. The absolute
difference increases to more than 2 % towards more isotropic distribution of emitting
dipoles, e.g. at (0.3/1). As result, the second order cavity reaches highest efficiencies
without any outcoupling structures.
However, the first order cavity becomes drastically more efficient when the substrate
modes are added to the comparison (e). At (0/1) the difference is ∆EQE = 63.9 % −
52.6 % = 11.3 %. The superiority of the first order cavity remains for relevant variations
of (a/ηrad) with a sum of ηEQE and χsub larger than 40 %. The second order cavity
is only slightly more efficient for vertical aligned emitters (a & 0.4). Consequently,
the first order cavity leads to higher EQEs with applied external light outcoupling
structures, which is experimentally proven for (0.24/0.66), see Figure 5.6.
Figure 6.5 presents the HTL and ETL thicknesses that are needed to achieve the
efficiencies of Figure 6.4. Figure 6.5 (a-d) shows the thicknesses for the highest EQE
for the first (a,b) and second order cavity (c,d). Note that optimal thicknesses mostly
depend on the anisotropy factor a, except for the ETL in the second order. Here, dETL
is almost constant for large variations of (a/ηrad), which means that the distance from
emitter position to opaque metal is basically constant. A similar result was found for
the top-emitting OLEDs.
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Figure 6.5: Simulated optimal HTL and ETL thicknesses for bottom-emitting OLEDs
to maximize either ηEQE (a-d) or ηEQE+χsub (e-f). Shown are first (a,b,e,f)
and second order cavity OLEDs (c,d,g,h).
Figure 6.5 (e-f) shows the thicknesses for the highest sum of EQE and substrate modes
(ηEQE +χsub) for the first (e,f) and second order cavity (g,h). The optimal thicknesses
change when the substrate modes are added to the overall efficiency. In other words,
OLEDs with external light outcoupling structures need layer thickness adjustments for
highest efficiencies [210]. The ETL and HTL thicknesses cannot be transferred from
the reference OLEDs to OLEDs with applied external light outcoupling structures.
For example, at (0/1) the dHTL and dETL in the first order cavity are 62 nm (a) and
56 nm (b) when ηEQE is maximized, but they are 72 nm (e) and 68 nm (f) when the
sum ηEQE + χsub is maximized.
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Figure 6.6: Simulated efficiency difference ∆(ηEQE + χsub) between first and second
cavity order for red, green and blue emission with Al top-electrode. The
first order cavity is the best reference for external light outcoupling, be-
cause up to 15 % more photons can be outcoupled.
Lastly, it remains to check whether the first order cavity is also superior for green
and blue emission. Therefore, the simulations have been repeated with the same stack
from Figure 6.3, but this time with the green and blue emission spectra of Ir(ppy)3
and MADN:TBPe, respectively. The optical simulation disregards any electrical func-
tionality here. It is merely a study that assumes work blue and green OLEDs with
similar refractive indices. In addition, the opaque metal was changed from Ag to Al.
That further increases the EQE of the first order cavity, because SPP mode shifts to-
wards smaller u = k‖/k [86], which results in reduced coupling and decreased total
power while the outcoupled power fraction remains nearly constant [211]. Figure 6.6
demonstrates that the superiority of the first order remains for all colors. Note that
∆(ηEQE + χsub) decreases with the increasing emission energy.
In conclusion, this section investigated OLEDs that should serve as reference for
the application of light outcoupling structures. The aim is to reach highest possible
efficiency with the structures. Therefore, simulations have been performed for relevant
emitter anisotropies and quantum yields, i.e. a = 0 ... 0.5 and ηrad = 0.5 ... 1. For top-
emitting OLEDs the first order cavity was found to be slightly more efficient, but a clear
decision to apply internal structures always to the first order cannot be made. This
is because it depends how effective the internal structures extract WG or SPP modes.
In contrast, for bottom-emitting OLEDs it is recommended to use first order cavities
to get highest efficiencies. This is because a lot of photons remain in the substrate
and external outcoupling structures are known to extract them efficiently. The highest
share of photons coupled to air and substrate is found for the first order cavity for large
variations of the dipole anisotropy and quantum yield. That remains true for red, green
and blue emission color.
6.2 Increasing the Efficiency with Low Refractive Indices
Already in 1994, a simple ray optics model could show that light outcoupling increases
with decreasing refractive index of the EML [67], see also Equation (2.11). This origi-
nates from reduced total internal reflection at layer boundaries, because the refractive
index mismatch is minimized between air (nair = 1) and the EML (nEML ≈ 1.7− 1.8).
However, the currently used model, that is based on forced damped dipole oscil-
lations, can even show the opposite under certain conditions. For bottom-emitting
OLEDs it was simulated that a lower nEML reduces the EQE when its value becomes
smaller than the refractive index of the adjacent ETL [212]. The reason is that for
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nEML < nETL the photons can easily penetrate the ETL and couple efficiently to SPP
modes at the metal interface. Thus, to enhance the EQE the nETL would need to be
reduced equally with the nEML. Similar observations are made for reducing only the
refractive index of ITO [212]. But even though the EQE decreases, the sum of photons
emitted to air and substrate ηEQE + χsub is still increased [212]. In combination with
efficient external light outcoupling, a reduced nEML or nITO would nevertheless lead to
an enhanced overall efficiency.
When all OLED layers have the same refractive index, then its reduction is generally
desirable because it reduces the waveguiding ability of the optical cavity [213]. For
example, when all layers would have n = 1.5, then the sum ηEQE + χsub reaches values
of almost 90% [212].
Experiments and simulations show that already one transport layer with low refrac-
tive index can significantly increase the efficiency. It can either be the HTL [211] or the
ETL [212, 214]. It turns out, that the refractive index next to the opaque metal elec-
trode has the strongest influence on the EQE [212]. That is the HTL for top-emitting
and the ETL for bottom-emitting OLEDs. The reason for the EQE enhancement is a
reduction of the total dissipated power due to a shift of the SPP modes towards smaller
in-plane wavevector components. The dispersion relation can be described with [215]
E = ~cu
√
εm + εo
εmεo
(6.3)
where εo and εm are the dielectric functions of the organic material and the metal,
respectively. Furthermore, E denotes the energy, ~ the Planck constant, c the speed of
light and u the normalized in-plane wavevector component.
In the following, the photon distribution is discussed as a function of the refractive
index of the ETL for a bottom-emitting OLED. Therefore, the stack from Figure 6.3
is used in the first cavity order with currently realistic emitter properties of a = 0.26
and ηrad = 0.7. The investigated refractive indices n
∗
ETL are constructed by averaging
the original nETL with air to
n∗ETL(p) = (1− p)nair + p nETL (6.4)
where p states the percentage and nair = 1. Here, the refractive indices are calculated
from BPhen:Cs and plotted in Figure 6.7 (a). They are changed from 0 to 150 % in 5 %
steps. Within the emission spectrum of Ir(MDQ)2(acac) there is almost no wavelength
dependency of the refractive indices. The values for n∗ETL are given for the approximate
peak wavelength of 608 nm.
Now, the EQE is maximized by adjusting the ETL and HTL thicknesses for each
step of n∗ETL. After that the fractions χ are calculated for the obtained best layer
thicknesses. Figure 6.7 (b) shows the photon distribution as function of n∗ETL. For
the reference OLED with normal refractive index n∗ETL(100 %) = 1.72, the EQE is
ηEQE = 20.1 %. With n
∗
ETL(50 %) = 1.36 the efficiency increases to ηEQE = 25.5 %. A
continued reduction of nETL will further increase the EQE, but it remains question-
able if such small values can be achieved in the experiment. Remarkably, the highest
share of photons emitted to the substrate is not obtained for n∗ETL(0 %) = 1.0, but for
n∗ETL(55 %) = 1.4 with χsub = 20.4 %. This emphasizes that a careful refractive index
optimization is required and that a simple reduction is not a universal solution.
The added fraction of waveguided and evanescent losses (χWG + χSPP) generally
decrease towards n∗ETL(0 %) = 1.0, but at around n
∗
ETL(80 %) = 1.58 there is a sudden
transition of photons from χWG to χSPP. A similar transition has already been reported
in literature [212]. To understand this behavior, it helps to look at the mode distribution
within the optical cavity.
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Figure 6.7: Simulated influence of a reduced ETL refractive index on the photon dis-
tribution within a bottom-emitting OLED. (a) The used refractive indices
are constructed from BPhen:Cs and air. They posses only a minor wave-
length dependency at the PL intensity of the emitter Ir(MDQ)2(acac). (b)
The EQE increases with reduced nETL. At 50 % of the initial refractive
index, the evanescent losses χSPP are almost zero. That comes at cost of
increased waveguide modes, which, on the other hand, can be extracted
with high index substrates.
Figure 6.8 shows the power dissipation spectrum for nETL = 1.72 and nETL = 1.36.
For the normal case, three sharp modes can be found. Two of them are in the waveg-
uided and one is in the evanescent regime. For the low refractive index case, however,
only two modes are found. The transverse electric (TE0) remains almost unchanged in
position. The transverse magnetic (TM0) in contrast has been shifted to the waveg-
uided regime where it is overlapping with TE0. The second transverse magnetic (TM1)
is completely suppressed.
To summarize, the total radiant power is reduced by inserting a low refractive index
and since the outcoupled power remains approximately the same, the EQE is improved.
The shift of the TM0 mode over the dashed light-line, that separates the waveguided
and evanescent regime, results in the transition that was seen in Figure 6.7 (b). This
mode shift has a second advantage, because the mode becomes accessible by outcoupling
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Figure 6.8: Impact of a low refractive index ETL on the mode distribution in bottom-
emitting OLEDs. (a) For the normal case with nETL = 1.72 a pronounced
SPP mode is present, the TM0. (b) For a reduced refractive index nETL =
1.36 the TM0 mode is shifted into the waveguide regime and the TM1
vanishes which results in higher EQEs.
structures with high refractive indices at the substrate side. If the substrate has the
same refractive index as the organic layer, then all waveguided modes penetrate the
substrate and can be extracted by external light outcoupling structures. A similar
effect was observed experimentally with high refractive index layers at the substrate
and a low refractive index HIL [216]. Repeating the calculations of Figure 6.7 with
ηrad = γ = 1 and a = 0 predict that EQEs of more than 90 % could be reached.
6.3 Exploring the Trade-Off between Efficiency and Color
One remaining challenge for display applications is to find efficient and long lasting
OLEDs with deep blue emission. The BT2020 display standard recommends the CIE
coordinates (0.131/0.046) for blue. This corresponds to monochrome emission with
λ = 467 nm and is used as required benchmark for industry in this chapter [83, 217], cf.
also Figure 2.16. Generally, the OLED efficiencies and lifetimes scale inversely to the
emission energy [78, 218]. In phosphorescent blue emitters, where the emission takes
place from the triplet, the higher lying singlet provides unnecessary high energy to the
OLED, which can hamper the stability. Annihilation of high energy states create hot
states that can lead to molecular bond dissociation [17]. TADF emitters are considered
as one solution, because here the emission comes directly from the singlet. Currently,
the research effort concentrates on the development of deep blue TADF emitters.
This chapter discusses an alternative route for achieving blue emission by exploiting
interference phenomena of the thin films in the OLED. It is anticipated that there
might be a color limit, which does not need to be reached with the emitter itself,
because further required blue shift might be done through a careful adjusted cavity
thickness. The industry could then simply use sky-blue emitters, which are known
to be more stable. Further optimization effort could then concentrate on efficiency
enhancements.
Motivation with Experimental Data of Red Bottom-Emitting OLEDs
This subsection presents experimental data and serves as an introduction to the trade-
off between efficiency, i.e. EQE, and color. The following analysis is done for the same
red bottom-emitting OLEDs that were already discussed in Section 5.2.
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(a)
(b)
Figure 6.9: Experimental color and EQE changes as function of the ETL thickness
for a red bottom-emitting OLED. (a) EL forward emission spectra SEL
at j ≈ 15 mA/cm2 for dETL between 40 and 330 nm. Note that the PL
spectrum SPL acts as an envelope. The inset shows the corresponding
color shift in the CIE diagram. Highest EQE is found for spectra close to
SPL. (b) EQE and CIE over ETL thickness dETL. Note that for highest
EQE the CIE coordinates of EL and PL spectra are approximately equal
to each other. Furthermore, there exists an abrupt color shift after the
EQE surpasses their maxima. For dETL > 300 nm there is the strongest
blue shift with still relatively high EQE.
Figure 6.9 (a) displays the forward EL spectra SEL = I0(λ) at j ≈ 15 mA/cm2 from
all the planar references for varying ETL thickness dETL. There are enormous spectral
changes in shape and intensity, but remarkably, all spectra lie roughly within the en-
velope of the PL spectrum SPL of the emitting material Ir(MDQ)2(acac). For better
agreement in the plot, the intensity of SPL has been scaled to the EL maximum and
was shifted by 6 nm towards red. The spectral changes will change the perceived color
as discussed in the following.
Figure 6.9 (b) and the inset of Figure 6.9 (a) show how the EQE and CIE coordinates
depend on dETL. Both graphs demonstrate that for highest EQE the color between EL
and PL is almost the same. The reason is that the cavity is optimized to enhance the
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already high peak emission intensity. In other words, the Purcell factor F (λ) peaks
roughly at the same position as the PL spectrum, cf. [72].
At thicknesses different from the first or second EQE maximum, parts of the spectrum
are suppressed and other parts enhanced. As result, the EL spectrum differs from the
natural PL emission of the emitter material. Figure 6.9 (b) depicts an oscillation of
the EL CIE coordinates around the fixed PL CIE coordinates. Every time an EQE
maximum is surpassed, there is a sudden blue shift in the CIE coordinates. This shift
is stronger after the second maximum and, in addition, the EQE is higher than after
the first EQE maximum. In conclusion, the OLEDs with dETL > 300 nm are good
candidates for a cavity induced blue shifts that still have moderate EQEs.
Similar spectral changes have also been shown by simulations for the green emitter
Ir(ppy)3 [86]. This gives a hint, that the spectral shifting is a general behavior of
OLED of various thicknesses. It is therefore assumed that the simulation can make
first meaningful predictions. Evidence is provided because the used optical model
shows agreement between experimental and simulated spectra, also for varying viewing
angles [72]. In fact, I(λ, ϑ) can be used for fitting OLED parameter [219]. Moreover,
I(λ, ϑ) is one prerequisite for the EQE simulation as discussed in Section 2.3. The EQEs
are nowadays predicted with good precision by many research groups [63, 149, 214,
220–222]. Of course experimental validation is needed for the predictions. Occurring
deviations might be attributed to not well-known material properties, e.g. refractive
indices, emitter efficiency or orientations, and insufficient optical modelling, e.g. no
birefringence included or broad instead of infinitely thin emission zones.
The following subsection investigates how this color tuning can exploited to reach
blue emission. Therefore, simulations of a broad sky-blue emitter are discussed for
top-emitting OLEDs.
Simulations of Top-Emitting OLEDs - Which Colors are Achievable?
A top-emitting architecture has been chosen for the optical simulations for two reasons.
First, the current Active-Matrix Organic Light-Emitting Diode (AMOLED) display
technology makes use of top-emitting OLEDs. Second, the optical cavity with two
metal electrodes induces stronger shifts of the emission spectrum. However, as we will
see, this becomes problematic for angular color stability.
Figure 6.10: Top-emitting OLED for simulations of EQE and color. The broad spec-
trum of the TADF emitter 5CzCF3Ph offers large color shifts.
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The investigated top-emitting OLED stack is sketched in Figure 6.10. In the fol-
lowing, only the optics are of interest, further device properties can be found in the
literature [137]. The used TADF emitter 5CzCF3Ph has a broad emission with a Full
Width at Half Maximum (FWHM) of about 100 nm. Its PL spectrum covers almost
the entire visible range, though with weak intensity in the outer wavelength ranges.
Figure 6.11 shows the simulated EQE with contour lines and the real emission color
in forward direction, both in dependence on ETL and HTL thickness. Before discussing
the results, the simulation procedure is described.
All layer thicknesses are set as in Figure 6.10. The ETL and HTL thicknesses are
varied from 0 to 400 nm with steps of 4 nm. For each combination the EQE and the
spectra I(λ, ϑ) are calculated with the Equations (2.34) and (2.30). The spectra are
computed for the wavelengths from 400 to 700 nm in 1 nm steps and for the angles from
0 to 90 ° in 1 ° steps. The simulation assumes an ideal electrical and radiative efficiency
with γ = ηrad = 1, but a realistic anisotropy with a = 0.25
1. The CIE coordinates are
calculated for forward emission I0(λ) = I(λ, 0) according to Section 2.3. The python
package colorpy [223] transforms the CIE coordinates into hexadecimal code that is
plotted with gnuplot [224].
Figure 6.11: Simulated EQE drawn with contour lines and real colors of the forward
emission I0(λ) as function of HTL and ETL thickness. With the broad
spectrum of 5CzCF3Ph many colors can be achieved. They range from
blue over green, yellow to purple. In the EQE maxima, the OLED color
is close to the natural sky-blue of the emitter. Remarkably, there are
areas in which a blue emission (b) can be achieved within reasonable
EQE values. Even white emission (w) can be found, but only for narrow
ranges. These points offer a good trade-off between color and efficiency
and therefore are candidates for experimental studies. For blue and
white, the two points (1) and (2) are further discussed. Note that the
color rendering may vary with the used screen or printing settings.
1The value was determined by Christian Hänisch and Ludwig Popp at IAPP.
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The EQE contour lines in Figure 6.11 are drawn for 8, 12 and 16 %. They show the
typical, clearly separated maxima. The highest EQE can be found for the first order
cavity with 18.3 % at ETL and HTL thicknesses of (44 nm/16 nm). The correspond-
ing CIE coordinates of the forward emission are (0.257/0.619), which is rather green
compared to the emitters natural sky-blue color with (0.213/0.374). The other EQE
maxima are not as efficient and there is no meaningful maximum beyond a thickness of
250 nm for either transport layer. Similar to the red OLED from the motivation, strong
color shifts can be observed after surpassing the EQE maxima. The colors change from
sky-blue, over green, yellow, red and purple to blue. Even white can be found at
boundaries between the colors red, green and blue.
Moreover, Figure 6.11 features areas with blue (b) or white (w) color that still have a
reasonable high EQE with more than 8 %. One example for blue (1) at (252 nm/32 nm)
has an EQE of 8.9 % with CIE coordinates of (0.197/0.129). The white point (2) at
(248 nm/168 nm) reaches 11.5 % with (0.333/0.321).
For further investigation of these points, the simulated spectra I(λ, ϑ) are plotted
in Figure 6.12. The insets of (a,b) show the forward emission where the main peak of
5CzCF3Ph is strongly suppressed by the cavity. The spectral radiant intensity I(λ, ϑ)
shows the typical pronounced dispersion relation of top-emitting OLEDs [225]. In
other words, the distinct emission peaks shift towards blue with increasing viewing
angle. That leads to strong color shifts as demonstrated in Figure 6.12 (c). Here, the
CIE coordinates move around the natural color of the emitter 5CzCF3Ph.
In conclusion, the simulation shows that color shifting towards blue works with metal-
metal cavities. Blue forward emission with (0.197/0.129) is predicted with a sky-blue
emitter (0.213/0.374) while maintaining high efficiency of ηEQE = 8.9 %. Remarkably, a
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Figure 6.12: Simulated spectral radiant intensity and color shift of the blue (1) and
white (2) top-emitting OLEDs of Figure 6.11. (a,b) The pronounced dis-
persion relation results from the strong cavity of top-emitting OLEDs.
The inset shows forward emission. Note, that the main emitter intensity
at λ ≈ 500 nm is strongly suppressed. (c) CIE coordinates of the emit-
ter 5CzCF3Ph and both color tuned top-emitting OLEDs. The OLEDs
suffer strong color shifts with viewing angle, making them unsuited for
display applications.
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large variation of colors is achievable with the broad emission spectrum by adjusting the
transport layer thicknesses. Even white emission could be found for narrow thickness
ranges. The simulated white and blue OLEDs are, however, not suited for display
applications due to stark angular depended color shifts. The following section therefore
further investigates the color tuning under consideration of color distortions with the
viewing angle. In addition, an experimental verification of selected simulations is done.
Experimental Verification and Study of the Angular Color Stability
The top-emitting OLED from the previous section is also used here. To get a measure
of the color shift, a CIE difference ∆CIE between forward emission I0(λ) and integrated
emission spectrum Iint(λ) is needed. The integrated spectrum is obtained as
Iint(λ) =
∫ π
0
sinϑ I(λ, ϑ) dϑ. (6.5)
This spectrum is proportional to an integrating sphere measurement for OLEDs with
polar emission symmetry. The CIE difference ∆CIE is calculated with the Euclidean
norm to
∆CIE =
√(
CIEx(I0)− CIEx(Iint)
)2
+
(
CIEy(I0)− CIEy(Iint)
)2
. (6.6)
If no color shift is present, then the shape and color coordinates of I0(λ) and Iint(λ)
are equal and ∆CIE is zero. Note that this norm does not take into account the
anisotropy of the CIE 1931 color space [226]. It serves nevertheless as a first estimation.
For further studies of colors shifts more sophisticated norms are needed [118, 227].
Figure 6.13 shows the simulated real color of: (a) the forward direction I0(λ), (b)
the integrated emission spectra Iint(λ), and in (c) it displays the color difference ∆CIE.
The plot (a) is a cutout from Figure 6.11 and is used for comparison to plot (b). In
the latter, the color changes are less abrupt and the natural emitter color is present
for larger areas around the EQE maxima. The color coordinates of Iint at the EQE
maximum (44 nm/16 nm) are (0.184/0.477). This is closer to the natural sky-blue of
the emitter with (0.213/0.374) than in pure forward direction. Again, all colors are
achievable from sky-blue, over green, yellow, red and purple to blue, although they
are not as strong as in forward direction. This can be understood through the angular
integration, because the sharp forward spectra are smoothed by the dispersion relation,
see also Figure 6.12 (a,b).
Figure 6.13 (c) impressively demonstrates the issue of too strong color shifts of top-
emitting OLEDs. As already apparent from comparing (a) and (b), the color shift in
the EQE maxima are relatively large. However, there are areas that have a low color
shift with ∆CIE . 0.1. They occur below all four EQE maxima with reduced dETL
and dHTL, approximately at the solid contour lines, e.g. (150 nm/150 nm). But when
moving towards the EQE maximum at (200 nm/170 nm), the ∆CIE quickly increases.
Hence, a careful and precise thickness control is needed for experimental realization.
The black rectangle in Figure 6.13 (a) represents another area with high EQE that
includes pronounced blue shifting, but also red and green emission. Also Figure 6.13 (b)
shows blueish emission within the rectangle and Figure 6.13 (c) reveals a diagonal area
with low ∆CIE. This increases the chances to experimentally hit a low ∆CIE, because it
allows slight uncertainties in processing or inaccurate OLED parameters, e.g. the exact
position of the recombination zone z0. Therefore, this area is used for an experimental
verification2.
2 The jVL and angular resolved measurements have been performed by Ludwig Popp at IAPP.
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Figure 6.13: Simulated real colors of forward I0 or integrated emission Iint and color
difference ∆CIE. The contour lines indicate EQEs of 8 %, 12 % and 16 %.
Experimental validation is aimed for the black rectangle, because it con-
tains OLEDs with a good trade-off between color tuning towards blue,
high efficiency and high angular color stability. The marked points are
further discussed in the main text. (a) Colors of the forward emission
as in Figure 6.11. (b) Colors of the integrated emission. Note, that the
color changes more smoothly compared to pure forward emission. (c)
Color difference ∆CIE according to Equation (6.6).
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For the experiment, dETL is varied from 240 to 300 nm in 20 nm steps, and dHTL
from 10 to 40 nm in 10 nm steps, respectively. In total 16 variations are tested with 4
identical OLED pixel each. In the experiment a minor change is made compared to the
stack in Figure 6.10: The material CzSi has been used instead of TCTA. The optical
changes are assumed to be negligible, because it is only a 10 nm thick layer compared
to the total thickness of & 300 nm.
Figure 6.14 (a) compares the measured and simulated forward spectra I0 of the three
numerated top-emitting OLEDs of Figure 6.13. These OLEDs are selected, because
they span the largest triangle in the colors space and show best what is possible. For
blue and green, the peaks are reproduced in shape and position. For the red spectrum,
there is additional emission in the blue, which could not been experimentally observed.
Figure 6.14 (b) shows that the agreement in the red part of the CIE diagram is generally
not as good as for the blue and green range, where the experimental points follow closely
the predicted behavior. Processing induced thickness inhomogeneities might explain the
color scattering of the adjacent four OLEDs for each dETL/dHTL variation.
Now, the angular color stability of the blue OLEDs is of interest. Figure 6.15 com-
pares the measured and simulated angular resolved spectral radiant intensity. Two blue
OLEDs are selected: first, the one with lowest CIEy that was already indicated before
with (1), and second, the blue OLED with lowest ∆CIE at (300 nm/10 nm). In general,
the agreement is satisfactory, although there remain deviations in the red part of the
spectrum.
Table 6.1 summarizes EQE values, colors and color shifts ∆CIE from experiment
and simulation. Generally, the experimental maximum EQEs are lower than the pre-
dicted ones, which were calculated for perfect radiative efficiency of ηrad = 1.0. A
match for green and blue is found with ηrad ≈ 0.65 ... 0.67 in good agreement to litera-
ture [137]. The table once again demonstrates that a large color space can be reached
with the broad emission of the TADF emitter 5CzCF3Ph whose PL colors coordinates
are (0.213/0.374). Moreover, blue emission with relatively small angular distortions
can be reached, which might be interesting for alternative display technologies.
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Figure 6.14: Experimental proof of color tuning possibilities with a broad emitter
spectrum in a top-emitting OLED. (a) PL emission from 5CzCF3Ph and
tuned forward emission spectra I0 that reach blue (1), green (2) and red
colors (3). (b) CIE diagram with all achievable colors for the thickness
variations within the black rectangle of Figure 6.13. All achieved colors
are far from the natural color of the PL emission from 5CzCF3Ph.
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Figure 6.15: Experimental verification of simulated angular dependent OLED emis-
sion. (a) The bluest OLEDs with (0.165/0.108) at (280 nm/10 nm) has
a strong color shift with ∆CIE = 0.311, which results from the mode in
the red part of the spectrum. (b) The OLED at (300 nm/10 nm) is not as
blue (0.127/0.168) but therefore more color stable with ∆CIE = 0.130.
Table 6.1: Performance comparison of selected top-emitting OLEDs with 5CzCF3Ph.
The experimental EQEs are maximum values with Lambert assumption.
The CIE coordinates are given for forward emission I0 at j ≈ 15 mA/cm2.
EQE (%) CIEx/CIEy ∆CIE ETL/HTL (nm)
(1) Blue (lowest CIEy)
Exp. 4.8 0.165/0.108 0.311
280/10
Sim. 7.1 0.167/0.106 0.241
Blue (lowest ∆CIE)
Exp. 5.8 0.127/0.168 0.130
300/10
Sim. 7.4 0.121/0.185 0.112
(2) Green
Exp. 6.5 0.099/0.615 -
300/40
Sim. 10.0 0.098/0.628 0.373
(3) Red/Yellow
Exp. 8.2 0.459/0.427 -
240/10
Sim. 10.3 0.418/0.382 0.231
Trade-off between Efficiency and Blue Color
Now, since the quality of the simulation has been proven experimentally, it is used to
further explore the EQE and color trade-off towards deep blue. Three simulated trade-
offs are shown in Figure 6.16 (a) together with experimental points from literature.
The points include TADF and iridium(III) based OLEDs from Krotkus et al. [218]3
3The data is provided by courtesy of Simonas Krotkus.
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and more recent literature [228–230]. The OLEDs from literature show a common
trend, although the stacks and materials differ. As the sum, (CIEx + CIEy), decreases
towards deep blue, the EQEs generally also decrease. Before discussing the simulated
trade-offs, the simulation procedure is described.
For the trade-off simulation, the sum of the CIE color coordinates is minimized while
constraining the EQE to fixed vales, cf. Lagrange multiplier. Then the EQE value is
increased stepwise. The following layer thicknesses are optimized: the capping layer
dcap, the semi-transparent electrode dAg, and both charge transport layers dETL and
dHTL. A simplex algorithm computes a local minimum depending on the starting
values and convergence criteria [206]. All complex refractive indices are assumed to be
B
lu
e:
 B
T
20
2
0 
Figure 6.16: Simulated trade-off between EQE and color for top-emitting OLEDs with
5CzCF3Ph or Iso-DMAC-PTO. (a) Maximum EQE over sum of CIE x
and CIE y coordinates. The gray vertical line indicates the CIE sum of
the blue point from the BT2020 display standard [83]. The solid lines
show simulated OLEDs that are situated after the second EQE maximum
with increased ETL thickness, cf. Figure 6.13. The points are experi-
mental literature values of TADF and iridium(III) based OLEDs [218] (b)
Corresponding thicknesses of the OLEDs with the emitter 5CzCF3Ph.
Note that the color shift towards blue requires mostly and increased
thickness of the metal electrode and the capping layer.
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constant and independent from thickness. Due to the high degree of freedom in the
variables, there exist many local minima. That is why the curves are not perfectly
smooth. Repetition with different starting values may result in smaller minima and
modify the curves slightly. But the changes are usually small so that the general trend
remains.
Figure 6.16 (a) shows the trade-off for the TADF emitter 5CzCF3Ph in a top-emitting
OLED. Note, that the sum of the CIE coordinates from the PL emission of 5CzCF3Ph
with 0.587 is not even in the graph. A similar trend to the various literature reports is
found, although here it is just one emitter in a cavity with variable layer thicknesses.
For the real orientation factor of a = 0.25 most literature values lie above the curve.
That means they reach higher EQEs for approximately the same color. Only a few
phosphorescent OLEDs could be surpassed with the cavity tuning. Assuming a perfect
emitter orientation with a = 0.0 shows the theoretical limit for the 5CzCF3Ph spectrum.
In this case, few more OLEDs from literature can be outperformed, but now it is
actually the spectrum and not the EQE that limits the trade-off, because the lowest
possible CIE sum is independent from the anisotropy factor a. Further improvement
can only be achieved with a deeper blue spectrum. This is exemplary shown for the
TADF emitter Iso-DMAC-PTO. It is used in the same stack, also with ideal properties
γ = ηrad = 1.0 and a = 0.0. Now, most of the literature OLEDs could be surpassed.
But there is still a TADF OLED which has better EQE over CIE sum value [230].
Its emission peak is similar to Iso-DMAC-PTO with λ ≈ 450 nm, but the FWHM is
narrower.
Figure 6.16 (b) shows the optimized thicknesses for achieving the EQE and CIE sum
of part (a) with 5CzCF3Ph. The transport layers are approximately constant for all
variations. In contrast, an increased thickness of metal electrode and capping layer is
needed for a color shift towards blue. The orientation factor a mostly influences the
thickness of the capping layer. For this case, it remains questionable whether metal
layer thicknesses above 20 to 30 nm are meaningful, not to mention the expected angular
color distortion.
In summary, this section investigated an alternative to material development for
achieving deep blue OLED emission. The colors can be tuned by exploiting thin film
interference. Top-emitting OLEDs with two metal electrodes are ideal candidates for
wide color shifts due to the strong optical cavity. But care must be taken since they
come with strong color distortion with viewing angle. However, there exist certain layer
thickness combinations that show promising trade-offs between EQE, color shift towards
blue (CIEx/CIEy) and viewing angle stability ∆CIE. It could be shown experimentally
that OLEDs with CIE coordinates of (0.165/0.108) could be reached with a sky-blue
emitter that itself has (0.213/0.374).
Simulations indicate that deeper blue is possible on the cost of efficiency. It is
suggested that emitters can be used, that are not as blue as required, but therefore
more stable. The remaining color shift is then achieved by careful adjusted cavity
thicknesses that are predicted with optical simulations. The proposed method allows
to assess the theoretical limit of any given emitter spectrum. But to approach the
BT2020 color point at (0.131/0.046), a narrow FWHM is at least equally important as
the peak wavelength.
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This thesis aims to improve the efficiency of Organic Light-Emitting Diodes (OLEDs).
Here, the three approaches are summarized: An optimized fabrication, a systematic
evaluation of light outcoupling structures, and an examination of efficiency limitations
to identify options for action. Possible future work is suggested after each summary.
Improving OLEDs with Stable Vapor-Deposited Glasses
The first approach is a novel fabrication improvement of vapor deposited OLEDs. Many
organic molecules can form glasses, which is an amorphous solid state that is out
of equilibrium, best imagined as a liquid with extreme slow motions. It has been
found that stable glasses can be made from Physical Vapor Deposition (PVD) of its
constituents [33], and not only conventionally by cooling a liquid. Remarkably, when
deposited at the right conditions some glasses have extraordinary properties surpassing
the stability of conventional glass. This is achieved by, first, setting the substrate
temperature Tsub to about 85 % of the materials glass transition temperature Tg and,
second, by evaporating at low rates with . 0.1 nm/s. Understanding the high stability
is subject of current glass physics research. An oversimplified explanation is that the
molecules gain time and suited energy to find their best position in the growing bulk.
With this technique TPBi was realized as highly stable host and ETL in a simple
OLED architecture. Improvements were found for the External Quantum Efficiency
(EQE) and lifetime with four different phosphorescent emitters by increasing the sub-
strate temperature from 30 to 65 ... 70°C. A correlation between TPBi stability and
OLED performance could be observed. For Ir(ppy)2(acac) the EQE at 100 cd/m
2 in-
creased from 19.4 to 24.0 % and the LT70 at 1,000 cd/m
2 from 14.8 to 74.2 h. The origin
is found in improved electrical and/or improved radiative efficiencies depending on the
used emitter. It is estimated that the non-radiative rates of Ir(ppy)2(acac) are reduced
by one order of magnitude. Here, molecular dynamic simulations may support finding
the microscopic origin, be it reduced trap states or constrained molecular vibrations.
For the TADF emitter 4CzIPN the concept could not be applied as successfully as for
the phosphorescent emitters. One reason is that the used OLED stack was unsuited,
because the energy could not be properly transferred from TPBi to the emitter. This
reflects the current problem towards a generalization: Only a few organic molecules
for semiconductor applications are known that are capable of forming highly stable
glasses. Those materials must then also be compatible to the other materials in the
OLED. In addition, the materials deposited prior substrate heating must withstand the
temperature treatment.
Overall, the stable glass formation is a new route for OLED optimization, because
common approaches are based on material research. Here, in contrast, the deposition is
optimized, but the right materials still must be known. A nanocalorimetric screening of
semiconductor materials will help to pursue a generalization. First, a glass transition
must be determined. Then the glass stability indicators must be observed, i.e. an
increased onset temperature or reduced fictive temperature. Studies on PL samples or
single carrier devices may help to identify promising materials. With those materials at
hand, all organic semiconductor devices may be improved by the fabrication process,
not only OLEDs, but also photovoltaic cells, transistors or organic lasers.
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Evaluation of Light Outcoupling Structures
The second approach for increasing the efficiency of OLEDs is the search for effective
light outcoupling structures. OLEDs suffer from significant efficiency loss due to the
inherent high refractive index of organic materials. Currently only approximately 30 %
of the internally generated photons are outcoupled to the air. The rest is trapped in
substrate, waveguided and evanescent modes. In the literature, an enormous variety of
light outcoupling structures have been developed over the years. They aim to redirect
the photons to reach the air. However, a best global solution has not been found so
far. This is partly due to complex, not easily reproducible fabrication processes, but
also due to a lack of comparability of the structures.
In this work, a new metric is introduced to improve the comparability of light out-
coupling structures. The proposed Efficiency of Light Outcoupling Structures (ELOS)
determines the share of actually outcoupled photons to what can be expected at most
from a structure. The expectations depend on the type of the structure. Internal ones
are expected to extract all substrate, waveguided and evanescent modes, whereas ex-
ternal structures can only extract substrate modes. This metric enables to eliminate
the assessment dependency from the reference EQE, i.e. an increase from 5 to 10 % can
result from an extremely efficient structure, but a low quantum yield does not allow
higher absolute values. In principle, this could also be estimated with the enhance-
ment factor, but it could be shown that the enhancement factor is prone to under- or
overestimation.
The ELOS is exemplary calculated for a combination of internal and external light
outcoupling structures, which are applied to red bottom-emitting OLEDs with a ref-
erence EQE of 19.1 %. The structures are represented by a periodic TiO2 block array
and a commonly used glass half-sphere. Experimental efficiency gain is compared to
photon distribution of the planar reference device. It is found that the half-sphere
extracts about 80 % of all photons from the substrate, leading to a total EQE of 32.5%.
The combination of internal and external structure reaches an EQE of 36.5%. But the
ELOS is at best 43 %, which is lower because the internal structure is excepted to
extract more modes.
The ELOS calculation is thoroughly discussed along with made assumptions and
further usefulness. It is experimentally proven that the radiative efficiency of the emitter
is not hampered by the insertion of the internal block array - an crucial assumption for
correct ELOS determination. Furthermore, an optimal TiO2 block height is found with
respect to the OLED cavity thickness, which is between 0.3 and 0.4. Further studies
should investigate e.g. ideal periodicities or possible dependencies on the emission
wavelength. Due to the independence on the used reference, many research groups could
contribute to understand a specific light outcoupling structure and find its strengths.
In the future, this may help to find a universally working light outcoupling structure.
The proposed ELOS could also be compared to the complexity of the light outcou-
pling structure to assess whether it is worth using it. Therefore, a proper complexity
metric would be needed that includes the costs e.g. required tools or materials, fab-
rication steps, time and so on. For example, external structures like a half-sphere or
micro-lens arrays are relatively easy to implement and already increase the efficiency
quite significant. The combination of external and internal light outcoupling structures
can enhance the efficiency more, but at greater fabrication expense. Following this
ideas, it seems that purely internal structures may not be worth the effort, because the
enhancement is relatively little. In the end, the application case decides which light
extraction structure is worthwhile. The proposed comparison helps to evaluate the
options and making the decisions.
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The third approach to improve the efficiency of OLEDs is a systematic investigation
of its limitations to determine all opportunities for action. Over the years, a compre-
hensive analytical model has been developed for describing the optics of OLEDs. It
has proven to be successful for explaining experimental results and is now used for
predictions. While it is being constantly further refined, the scope for conclusions of
simple versions has not yet been fully exploited. In this thesis, a simple optical model
(no birefringence nor broad emission zones) is used to draw new conclusions regarding
the application of light outcoupling structures and color tuning.
The OLED efficiency strongly depends on the emitter properties, i.e the quantum
yield and the emitting dipole alignment. Both are rapidly improved, but even for
the ideal case, the EQE of OLEDs is still limited to about . 50 %. The remaining
losses consist mostly of waveguided and substrate modes through the refractive index
mismatch to air.
The first conclusion is that light outcoupling structures will still be needed in the fu-
ture to further increase the EQE, unless all refractive indices can be massively reduced,
which seems unlikely at present. Through the thin film nature, OLEDs have multiple
thickness configurations that lead to similarly high efficiencies, i.e. the first order (3/4 λ
cavity), the second order (5/4 λ cavity) and so on. The question is, which order is more
promising for EQE enhancement by applying light outcoupling structures.
Based on the investigations in this thesis, the next conclusion is that bottom-emitting
OLEDs should be realized in the first order for the application of external light out-
coupling structures. Simulations and experiments showed highest EQE gain for the
first order, because more light reaches the substrate than for the second order. The
substrate modes can then be outcoupled with low effort and efficiently by external
structures. A highest EQE of 64 % was predicted for red emission and ideal emitter
properties. The superiority of the first order remains true for all emission colors. For
top-emitting OLEDs, the choice of the order depends whether waveguide or evanescent
modes are more efficiently outcoupled with internal light outcoupling structures.
Next, as mentioned, the reduction of all refractive indices in OLEDs is difficult, but
already using one careful selected layer with lower refractive index can yield signifi-
cant enhancement. If the refractive index of the ETL for the studied bottom-emitting
OLEDs is reduced to about 1.4 - 1.5, the photonic mode density changes drastically.
An evanescent mode becomes waveguided, which can then be extracted with high re-
fractive index substrates and according external light outcoupling structures. For the
ideal case, i.e. ηrad = γ = ηELOS = 1 and a = 0, EQEs of more than 90 % could be
reached.
The simulation is further used for investigations of color tuning possibilities. One
remaining challenge for OLED display applications is to find efficient, long-lasting and
deep blue OLEDs. The research is heavily based on screening emitter materials and,
usually, the efficiency and lifetime scale inversely with the emission energy.
In this work, an alternative method is introduced to reach a deeper blue emission.
Therefore, interference phenomena of the thin film are exploited. It was found that top-
emitting OLEDs posses specific thickness combinations that allow for strong color shifts,
while maintaining relatively high EQEs. With a broad sky-blue emitter spectrum,
the colors red, green and blue could experimentally be achieved. The blue OLED
has an EQE of 5.8 % and color coordinates of (0.127/0.168), although the emitter
has (0.213/0.374). Further thickness adjustments enable a smooth trade-off between
EQE and CIEx+CIEy. This allows to achieve a deep blue emission with less blue
emitters, and thus higher stability, but on cost of efficiency. The investigations should
be extended to bottom-emitting OLEDs to reduce color distortions with viewing angle.
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Concluding Remarks
This thesis has shown that OLEDs still have a high potential for efficiency improve-
ments. Theoretically, EQEs as high as 90 % could be reached when different approaches
are combined. That includes fabrication optimization, light outcoupling structures and
skillful exploitation of the thin film nature. Practically, the OLED is a highly complex
system with many interlocking processes that cannot always be independently opti-
mized. For instance, the electrical optimization was widely neglected, but for a high
Luminous Efficacy (LE) a low driving voltage is equally important as a high EQE.
OLEDs are often compared to conventional LEDs, which have clear development
head start. Whether efficiency and cost benchmarks of commercial available white
OLEDs for lightning applications will ever be able to catch up with LEDs in the future
cannot be known, of course, but the OLED strengths lie in complementary properties:
The large area applicability with options for transparency, the mechanical flexibility
and their larger color gamut give them unique advantages. That is why OLEDs are
increasingly used in the display industry, where color quality outweighs higher costs.
New markets are ahead, i.e. the lightning market, because OLEDs clearly have the
potential to double their efficiency and equalize with LEDs. A cost reduction is then a
question of mass production feasibility. If this remains difficult, OLEDs may ultimately
establish themselves in specialized niche markets.
In times of urgently needed actions against climate change, the development of more
efficient light sources is often associated with energy savings. A study of energy-
economics, however, suggests the opposite [231, 232]: Every more efficient and therefore
more cost-effective lighting technology has increased the energy consumption for light
in the past. With increasing LE there is a massive growth potential for consumption of
light, especially in developing countries. The overall energy consumption for lighting
will only decline if the energy costs are tripled - a process which involves economy and
politics. Thus, even if OLEDs will surpass the efficiency of LEDs, a broad energy saving
cannot be expected as long as the demand for light is not saturated. But the study fur-
ther suggests a correlation between light consumption and human productivity/quality
of life [232]. A more efficient light source can therefore increase human productivity
with constant energy consumption or compensate productivity loss due to (possibly
regulated) reduced energy consumption.
90
List of Abbreviations
AFM Atomic Force Microscopy 40, 65
AMOLED Active-Matrix Organic Light-Emitting Diode 78
CIE Commission Internationale de l’Éclairage
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[21] J. Ràfols-Ribé, P.-A. Will, C. Hänisch, M. Gonzalez-Silveira, S. Lenk, J. Rodŕı-
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[63] M. Flämmich, J. Frischeisen, D. S. Setz, D. Michaelis, B. C. Krummacher, T. D.
Schmidt, W. Brütting, and N. Danz. “Oriented phosphorescent emitters boost
OLED efficiency”. Org. Electron. 12, 1663–1668 (2011). doi: 10.1016/j.orgel.
2011.06.011.
[64] P. Liehm, C. Murawski, M. Furno, B. Lüssem, K. Leo, and M. C. Gather. “Com-
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H. Becker, H. Kalisch, M. Heuken, and R. H. Jansen. “Influence of carrier con-
ductivity and injection on efficiency and chromaticity in small-molecule white
organic light-emitting diodes based on 4,4’-bis(2,2’-diphenylvinyl)-1,1’-spirobi-
phenyl and rubrene”. J. Appl. Phys. 100, 123707 (2006). doi: 10 . 1063 / 1 .
2402350.
[135] M. E. Kondakova, J. C. Deaton, T. D. Pawlik, D. J. Giesen, D. Y. Kondakov,
R. H. Young, T. L. Royster, D. L. Comfort, and J. D. Shore. “Highly effi-
cient fluorescent-phosphorescent triplet-harvesting hybrid organic light-emitting
diodes”. J. Appl. Phys. 107, 014515 (2010). doi: 10.1063/1.3275053.
[136] I. Kunert and E. Schwarz. DSC measurements at Inorganic Chemistry I, TUD.
2019.
[137] L. Popp, R. Scholz, P. Kleine, R. Lygaitis, S. Lenk, and S. Reineke. “High
performance two-color hybrid TADF-phosphorescent WOLEDs with bimodal
Förster and Dexter-type exciton distribution”. Org. Electron. 75, 105365 (2019).
doi: 10.1016/J.ORGEL.2019.07.023.
[138] K. Sato, K. Shizu, K. Yoshimura, A. Kawada, H. Miyazaki, and C. Adachi. “Or-
ganic Luminescent Molecule with Energetically Equivalent Singlet and Triplet
Excited States for Organic Light-Emitting Diodes”. Phys. Rev. Lett. 110, 247401
(2013). doi: 10.1103/PhysRevLett.110.247401.
[139] W. A. Luhman and R. J. Holmes. “Enhanced exciton diffusion in an organic
photovoltaic cell by energy transfer using a phosphorescent sensitizer”. Appl.
Phys. Lett. 94, 153304 (2009). doi: 10.1063/1.3120566.
[140] B. S. Kim and J. Y. Lee. “Engineering of Mixed Host for High External Quantum
Efficiency above 25% in Green Thermally Activated Delayed Fluorescence De-
vice”. Adv. Funct. Mater. 24, 3970–3977 (2014). doi: 10.1002/adfm.201303730.
[141] Y. Seino, S. Inomata, H. Sasabe, Y.-J. Pu, and J. Kido. “High-Performance
Green OLEDs Using Thermally Activated Delayed Fluorescence with a Power
Efficiency of over 100 lm W−1”. Adv. Mater. 28, 2638–2643 (2016). doi: 10.
1002/adma.201503782.
[142] P. Kleine. “Material design for OLED lighting applications, Towards a shared
computational and photophysical revelation of thermally activated delayed flu-
orescence”. Dissertation, Technische Universität Dresden. (2019).
[143] J. C. de Mello, H. F. Wittmann, and R. H. Friend. “An improved experimental
determination of external photoluminescence quantum efficiency”. Adv. Mater.
9, 230–232 (1997). doi: 10.1002/adma.19970090308.
[144] T. Mönch. “Exploring nanoscale properties of organic solar cells”. Dissertation,
Technische Universität Dresden. (2015).
[145] P.-A. Will, S. Lenk, and S. Reineke. “26-1: Invited Paper: Thermally Activated
Delayed Fluorescence Organic Light-Emitting Diodes Comprising Ultrastable
Glass Layers”. SID Symp. Dig. Tech. Pap. 50, 356–359 (2019). doi: 10.1002/
sdtp.12930.
108
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